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ABSTRACT

Wind turbines can be classified into different categories based on the power
output: large (>1 MW), medium (40 kW–1 MW) and small (<40 kW) (Spera et al.
1994). Typically, Micro wind turbines have a power rated between 0.4 and 2.5
kW ( Makkawi et al. 2009) and are located where the power is required (Peackock
et al. 2007)
On-site power generation from micro wind turbines properly located on roof tops can supply carbon free energy whenever it is needed, thus decreasing our
dependence on fossil fuel, and helping to reduce carbon dioxide (CO2) emissions.
However, the viability of micro wind turbines as a potential power source for
domestic energy needs is still hindered by i) the unfavourable characteristics of
urban wind such as

high turbulent flow and low velocity, and ii) the limited

output of micro wind turbines.
Since the performance of micro wind turbines is influenced by the wind
characteristics of a suburban topology, it is important to study the location and
conditions where micro wind turbines should best be placed.
An increase in wind speed across the turbine rotor significantly increases the
power output, so encasing micro wind turbines inside ducts increases the mass
flow rate drawn into the turbine which generates an output power typically 2
times higher than conventional wind turbines. Moreover, the wind speed can be
further enhanced by adjusting the duct geometry with diffuser shaped ducts.
Diffuser-shaped ducts have been experimentally proven to increase the
performance of micro wind turbines. Despite this, only limited computational
work with simplified turbine geometries has been undertaken.

v

The present work used the Computational Fluid Dynamics (CFD) technique to
investigate various factors affecting the performance of diffuser augmented
micro wind turbines. Firstly, the characteristics of wind flow above the roofs of
typical suburban buildings (pitched, pyramidal, and flat roofs) were investigated
to find the optimum roof top position for a wind turbine. Secondly, the effect of
various diffuser geometries on the efficiency of micro wind turbines was studied.
The coefficient of performance of a straight diffuser, an airfoil shaped diffuser, a
diffuser with flanges, an airfoil shaped diffuser with flanges, and a compact brim
diffuser were compared to conventional bare wind turbines. The flow field
around the turbine blades and inside the diffuser was analysed in terms of
developed 3-D stream lines, the pressure field, velocity field, and mass flow rate.
Lastly, the influence of rotor features such as the profile of the rotor blade, the
number of blades, and the clearance between the blade tip and the duct, on the
output power were evaluated. It should be noted that the applied methodology
was validated with the numerical and experimental results available in the
literature.
The results confirmed that the wind flow characteristics are strongly
dependent on the profile of the roofs as well as the direction of the incoming
wind. The wind above flat roofs had not only lower turbulent intensity
compared to the other roof profiles, the turbulence beyond the roof also
decreased rapidly. In terms of wind velocity, both pitched and pyramidal roofs
generally slow the wind down. Therefore, turbines located on flat roofed houses
are likely to yield higher and more consistent power for the same turbine hub
elevation than the other roof profiles.
All the diffuser configurations that were investigated showed at least 25%
higher mass flow rate through the turbine rotor compared to a bare wind
turbine. It was noted that the radial velocity was larger on the tips of the bare
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wind turbine blades than the diffuser turbines, hence the tip vortex on the bare
wind turbine was stronger leading to a lower efficiency. Of all the diffusers
studied, the compact brim diffuser had the highest coefficient of performance,
not only was there a significant speed up effect, there was also a considerable
drop in pressure across the turbine.
The performance of the diffuser augmented micro wind turbines (DAWT) at
high tip speed ratio () values depended primarily on the rotor features, but only
minimally on the blade profiles at low to medium range (2.5 < < 3.5).
Furthermore, the existence of an optimal tip clearance is revealed.
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Chapter 1: Introduction

1.1 Wind Energy in an Urban Environment
Nowadays the majority of the world’s energy consumption is sourced from
fossil fuels (Boyle 2004). This leads to a depletion in fossil fuels and an increase
in carbon cioxide (CO2) emissions which hastens climate change. Consequently,
the deployment of low CO2 energy sources are a commanding instrument to
ensure future energy security, sustain global economic progress, fight against
climate change, and manage the rising energy needs of the developing world
(International Energy Agency 2010). Therefore, renewable energy systems in
general are necessary alternatives to conventional power sources.
Wind energy in particular has established itself as a major renewable energy
source over the last few years, with its capacity approximately doubling every
three years (Boyle 2004). In 2009, more wind power facilities were installed in
Europe than any other renewable electricity generating technology (IEA 2010).
Globally, wind power contributes 2% of the worldwide supply of electricity
supply, but to make it cost effective for future domestic needs the costs must be
minimised and the power output maximised.
One measure for reducing costs is on site wind generation where the energy is
produced close to where it is consumed. Conveniently located roof top micro
wind turbines can supply domestic energy needs without any logistics or carbon
dioxide costs.
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The challenge faced by wind generation in built up environments is
fluctuating low wind velocity, high turbulence, and extremely gusty winds. The
technological challenge is how to increase the power capture with a micro wind
turbine under these conditions. One possible solution is to enclose the turbine
within a shroud (duct), which increases the mass flow of air drawn into the
turbine rotor and improves its performance. Moreover, the mass flow rate drawn
into the turbine can be further enhanced by adjusting the duct geometry with
diffuser shaped ducts. The power output of wind turbines with diffusers is
typically 2 times higher than conventional bare wind turbines for the same
turbine diameter and wind conditions.
Although diffuser augmented wind turbine technology was introduced more
than 50 years ago (Lilley & Rainbird 1957) there are still limited investigations
into the effect that diffuser geometry has on the flow field through the diffuser
and around the rotor blades. Understanding the development of this flow can
aid in designing diffuser geometry and rotor features such as the number of
blades, the shape of the airfoil and the gap at the tip. In this work the influence
that different types of urban buildings have on the characteristics of wind flow is
investigated. Additionally, the flow field across various diffuser geometry and
rotor features is analysed. This study also correlates wind flow with power
output via CFD.

1.2. Aim and Objectives
The aim of this thesis is to understand the effect of diffuser geometries and
rotor features on the performance of Diffuser Augmented Wind Turbines
(DAWT). Additionally, the wind characteristics in suburban environments are to

Chapter 1

Introduction

3

be examined. The understanding gained here will be used to create a DAWT
prototype to be tested in a wind tunnel and mounted on a roof of a building. To
achieve this goal, a number of objectives were planned as follows:
(i)

Study the effect of three types of roofs (pitched, pyramidal, and flat) on
urban wind conditions, i.e. turbulence intensity, distribution of velocity,
and different incoming wind directions.

(ii)

Find the optimum roof top mounting position for a micro wind turbine
in an urban environment where the highest power density is reached.

(iii) Validate the computational methodology applied with experimental and
numerical published data.
(iv) Offer an insight on the flow and pressure field developed inside
different diffuser geometries and around the turbine blades.
(v)

Investigate the effect of the flow field on different diffuser shapes and
hence on the overall performance of different DAWT.

(vi) Study the effect of some rotor features, specifically the number of blades,
tip clearance, and blade profile, on the performance of a turbine.

1.3. Scope of the Work
An extensive literature review was conducted on the wind flow characteristics
above an urban environment, different CFD methodologies to model wind
turbines, and bare wind and DAWT horizontal axis wind turbines.
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This thesis used the Computational Fluid Dynamics (CFD) technique to
investigate various aspects affecting the performance of micro wind turbines.
Firstly, the wind flow characteristics above roofs of typical suburban dwellings
(pitched, pyramidal and flat roof) were investigated to optimise the mounting
position of the wind turbine. Secondly, the effect of various diffuser geometries
on the efficiency of a micro wind turbine was examined. The coefficient of
performance of a straight diffuser, an airfoil shaped diffuser, a diffuser with
flanges, an airfoil shaped diffuser with flanges, and a compact brim diffuser
were compared to a conventional bare wind turbine. The flow field adjacent to
the turbine blades and inside the diffuser was also detailed via 3D streamlines,
the pressure field, the velocity field, and the mass flow rate. Lastly, the influence
of rotor features such as the profile of the rotor blade, the number of blades, and
the clearance between the blade tip and the duct, on the output power was
evaluated
ANSYS 12.1 package was used to build the model, the mesh, and set the
physical properties and run the simulations. An ANSYS CFX-post processor was
used to analyse the results of the different configurations of a diffuser wind
turbine.

1.4 Thesis outline
The thesis has been structured as follows.
Chapter 1 - Introduction describes the background of the project, the objectives,
and the scope of the work.
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Chapter 2 – The Characteristics of Wind above Urban Buildings investigates
the characteristics of wind in an urban environment. This work describes how
the wind flow above a roof was analysed and used to determine a micro wind
site with optimum power capture. CFD models, discussions, and results are
presented.
Chapter 3 - Review of Diffuser Augmented Micro Wind Turbines Theory
introduces bare wind turbine and DAWT theory. Thereafter, the work
developed on DAWT up to date is reviewed. An overview of micro wind
turbines, particularly DAWT, on built up areas is also assessed.
Chapter 4 - Computational Fluid Dynamics Methodology for Wind Turbine
Performance Analysis details the Computational Fluid Dynamics methodology
used. The validity of the work is demonstrated by comparing the results in this
thesis with experimental and numerical published data.
Chapter 5 - Diffuser Geometry Effect presents different diffusers models
(Straight, NACA 0012 airfoil shaped, NACA 0021 airfoil shaped, straight
flanged, NACA 0012 airfoil flanged and compact brim) and their effect on the
power output of a wind turbine. The computational results are discussed in
depth, linking the performance with the flow behaviour.
Chapter 6 - Rotor Features Effect focuses on the effect of certain rotor features,
namely the number of blades, and tip clearance and blade profile on the overall
performance of DAWT. The numerical results are presented and analysed
Chapter 7 - Conclusions and Future work draw the main conclusions from this
work and suggest future work.
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Chapter 2: The Characteristics of Wind above Urban
Roofs1

2.1 Introduction
The characteristics of wind in built up environments, including its speed and
turbulent intensity, are largely affected by the topography of the ground. In
these environments wind flow is influenced by the shape of the buildings, how
they are laid out (Burton et al. 2005), and especially the shape of the roofs
(Rafailidis 1997). The mounting site for any turbine on top of a roof should
therefore be assessed so that the optimum annual amount of energy is obtained.
To achieve this will involve a detailed analysis of factors such as the direction of
the mean wind flow, the interaction of the building envelope with the wind
flow, and minimising the level of turbulence to which the turbine would be
exposed. Siting a turbine where the turbulent intensity is high, for example,
could cause early fatigue failure of the turbine blades (Lu & Ka 2009), and
placing it in a location with a substantial separated zone will make the turbine
subject to very low wind speed. Thus, numerical modelling of the wind flow
above the building roof is important for the design of suburban landscapes
where harnessing wind energy is to be incorporated. It is expected that more and
more houses with integrated wind turbines will be built as sustainability
becomes an increasing design driver for new houses in the future (Peacock 2008).
There have been limited numbers of previous studies (Rafailidis 1997,
Mertens 2003, Heath, Walshe & Watson 2007) addressing the effect of different
roof profiles on the wind flow above buildings in suburban environments. Wind
1

This chapter has been published in Renewable Energy Journal, May 2011, vol. 36, pp1379-1391.
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tunnel experiments by Rafailidis (1997) showed that the wind flow and turbulent
intensity at roof level depend more on the shape of a roof than on the areal
building density. Mertens (2003) analysed flow over a flat roof with a view to
developing guidelines for siting small wind turbines that focused on the
mounting height, wind speed, and the probable distribution of wind speed
above the roof. Such a guideline would enable houses to be designed with roof
profiles that have lower turbulent intensities, and reduced separation and
recirculation zones. Heath, Walshe and Watson (2007) analysed air flow over
houses with pitched roofs. Their study revealed significant differences in the
flow field around isolated houses compared to

houses adjacent to other

buildings
In the present work the characteristics of local wind flow above roofs of
typical suburban houses was investigated. Three typical roof profiles were
considered, the pitched roof, pyramidal roof, and flat roof. These houses
represent dwellings in three suburbs in Spain.

2.2 Computational Fluid Dynamics Model

2.2.1 Inflow Wind Profile
To be able to simulate wind flow in a built up environment, the velocity
profiles in the inlet boundary of the simulation domain must be accurately
modelled. The profile of wind velocity depends on the roughness of the ground
(Burton et al. 2001). One inlet wind velocity profile commonly used is the power
law profile with an exponent of 0.28 (Burton et al. 2001), despite its known over
estimation of the velocity profile below the mean building height, and under
estimation of the profile above it. In this work a semi-log profile was chosen
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instead. This profile has been shown to accurately predict the velocity in arrays
of three-dimensional cube obstacles (MacDonald 2000), as shown in Fig. 2.1(a).
With the semi-log wind profile, a logarithmic wind profile above the mean
building height was used, while an exponential wind profile below the mean
height (Heath, Walshe & Watson 2007) was used. Below is a description of how
the semi-log profile was constructed for the present simulations.
The logarithmic velocity profile above the mean building height H, as defined
by (Heath, Walshe & Watson 2007) is given by:

below the mean building height, the suburban velocity profile follows the
exponential profile:

where a is the attenuation coefficient whose value depends on the building
morphology (MacDonald 2000). According to Macdonald (2000) a is 9.6f where
f is defined as the total frontal surface area of buildings facing the wind,
divided by the total area of the land. f for a typical suburban area is 20%
(Heath, Walshe & Watson 2007). In a suburban environment, the displacement
height d, and the roughness length zo, dependon the topography of the ground
(MacDonald, Griffiths & Hall 1998, Heath, Walshe & Watson 2007), and can be
calculated by
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Following Heath, Walshe and Watson (2007), the constants for a staggered
array of cubes are CD = 1.2, A = 4.4 and  = 0.55. These values are applicable for
the suburban setting investigated in the current work.

Based on the velocity model described above, the velocity profiles below and
above the mean building height for a built up environment can be calculated
from the velocity measured at the reference height. For the Vigo suburbs the
average velocity Uref at Href = 10 m is 6.0 m/s (Meteo Galicia, 2010). From the
dimensions of the building, densities of the frontal and the plan are found to be
f = 0.22, and p = 0.22. By then using Eqs. (2.3) and (1.8), z0 = 0.8 and d = 4.2 are
obtained. As the reference height is equal to the mean building height, Eq. (2.1)
*

can be used to calculate the friction velocity U = 1.21 m/s. The velocity profiles at
the inlet domain boundary for the Vigo’s case can then be summarised
follows:

as
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A comparison between the power law model by Davenport (1961) and the
semi-log profile is shown in Fig. 2.1(b). The difference between the two profiles
suggests that they are not interchangeable.

Eq. (2.1)

Eq. (2.2)

Measured data
(MacDonald 2000)

(a)

(b)
Figure 2.1. The velocity profile in an urban canopy layer: (a) a comparison with the
experimental profile (MacDonald 2000) in arrays of three-dimensional
cube obstacles λf = λp =0.2, U* = 0.237 m/s, d = 0.042 m, and zo = 0.008 m,
(b) A comparison of velocity profiles constructed using the semilogarithmic profile from (2.5) and (2.6) and the power law profile.
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2.2.2 Roof profiles
The pitched roof model shown in Fig. 2.2(a) is a simplified version of typical
suburbs in Vigo. The houses are on an 8 m x 10 m area and have 45° roofs with a
ridge 12 m above the ground. Houses at Bellvitge, shown in Fig. 2.2(b), have flat
roofs with an 8 m x 10 m area and are 10 m high. The third type of house
studied, shown in Fig. 2.2(c), is typical of the suburbs of Sitges where the houses
have a pyramidal roof with the peak 12 m above the ground. In every suburb
the houses are arranged in grids with 6 m spaces between them.

(a)

(b)

(c)

Figure 2.2. An aerial view of houses in the suburbs in Spain: (a) Vigo – pitched
roofs; (b) Bellvitge – flat roofs; (c) Sitges - pyramidal roofs.

2.2.3 Computational Mesh
Unstructured tetrahedral mesh, shown in Fig. 2.3, was used with 0.005 m
thick inflation layer on the roof which gives a y+ variation along the roof from 0.7
to 8.
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(b)

view A-A

view B-B
(c)

Figure 2.3. (a) Type and density of the mesh used in the pitched roof case. (b)
Inflation layer near the roof. (c) Mesh detail on the cross sectional
planes.

An independent mesh study was carried out to determine the dependence of
the flow field on the refinement of the mesh. Final mesh statistics in the present
models were 1,570,360 elements for the pitched roof, 1,532,711 for the flat roof,
and 1,416,169 for the pyramidal roof.
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2.2.4 Boundary Conditions
The building models were placed in a rectangular domain with a height equal
to three times the mean building height. The inlet velocity profile was specified
by (2.5) and (2.6) based on the dimensions of the houses at Vigo (as discussed in
§2.2.3). To investigate the effect of wind direction, simulations with wind
directions at  = 0°, 45° and 90° were carried out.
The level of turbulent intensity at the inlet

was 10%. The downstream

boundary was specified as opening with zero relative pressure and a zero
turbulent intensity gradient (Ehrhard, Kunz & Moussiopoulos 2004). The side
faces of the domain were set as a symmetric boundary except where the wind
direction was 45°, here the faces were set as periodic boundaries. All solid
boundaries were set as non-slip walls and the CFX wall function approach
(ANSYS 12.1 2006) was used to model flow near these walls. CFX applies an
automatic near wall treatment method for the Shear Stress Transport (SST)
model to account for the effects of the wall, i.e. the viscous effect at the wall and
the rapid variation of flow variables which occurs within the boundary layer
region, hence to capture the laminar flow within this boundary, y+< 11.63
(Versteeg & Malalasekera 2007, p275). This near wall treatment allows for a
smooth shift from a low Reynolds number formulation to a wall function
formulation. (Please refer to Chapter 4 for more information about the SST
model)

2.2.5 Validation of simulations
To validate the CFD methodology, the wind velocity over a 3-D array of cubes
was simulated (Fig. 2.4) and compared to wind tunnel experiments reported by
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Brown et al. (2001). In their experiment the velocity was measured at a number of
stream wise locations.

Figure 2.4. Three-dimensional array of cubes in wind tunnel tests by Santiago,
Martilli and Martín (2007) compared with CFD results in the present
study.

Profiles from two measurement points at B and D were compared with the
current CFD results in Fig. 2.5. The computed normalised mean stream wise
velocities U/Uref, agreed with the measurements at both locations. However the
measured and calculated profiles of turbulence kinetic energy

, and the

normalised mean vertical velocity W/Uref, do not agree quantitatively as well as
the stream wise velocity. The quantitative difference may stem from the inlet
boundary not being accurately represented in the inlet of the experiment set-up
because information of the actual experimental boundary was not sufficiently
given in the paper. The wind tunnel experiment was also simulated by Santiago,
Martilli, and Martín (2007) who used the upstream power-law velocity profile
based on Uref = 3 m/s and a Reynolds number in the order of 3x104. They also
observed a similar discrepancy between their CFD and the experimental results.
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Despite the modest over prediction in the region close to the roof, the general
trends of the CFD results match those of the experiments.

(a)

Normalised horizontal and vertical velocities

(b)

Normalized turbulent kinetic energy

Figure 2.5. Wind flow profiles over a three-dimensional array of cubes, comparing
the present CFD simulations with the experiments (Brown et al. 2001).
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2.3. Wind Flow above Suburban Houses
Wind flow above the roofs is complex and cannot be predicted from the wind
data or the wind atlas alone. Because of the proximity of the roofs in densely
built suburban environments, the flow is highly turbulent and the wind velocity
field is very different from a free stream velocity due to the bluff body effects of
the buildings and the evolution of separated regions. It is therefore important
that the characteristics of local wind such as the flow pattern, turbulent intensity,
and wind velocity need to be carefully analysed when micro turbines are to be
used within these built up environments.

2.3.1 Flow Patterns
In this section the flow patterns above the roofs of the three different profiles
are discussed. Fig. 2.6(b) shows that the most extensive areas of recirculation and
reverse flow for pitched roofs occur when the wind flows at 90°. When the wind
direction is parallel to the roadway, as shown in Fig. 2.6(a), there was no
significant separation of flow above the roofs.
Unlike a pitched roof, the separated regions above a pyramid roof were much
smaller because the space directly behind the roof is limited, while the
separated region above a flat roof was even smaller. Based on the flow patterns
only, the favourable locations for siting a micro wind turbine is summarised in
Table 2.1 for 0°, 45° , and 90° wind direction.
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(b)

Figure 2.6. Streamlines above the pitched roof with (a) 0° and (b) 90° wind direction.

According to Table 2.1, anywhere above a flat roof is a suitable site to install a
micro turbine, but only the corner of a pitched roof and pyramidal roof are
recommended as a mounting location.

Corner
Pitched roof
Flat roof
Pyramidal roof





Edge
x

x

Centre
x

x

Table 2.1 Summary of recommended turbine mounting locations based on free
separation zones.
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2.3.2 Turbulent Kinetic Energy
In this section the turbulent intensity of the wind distributed at different
elevations above the roof are presented and discussed. The turbulent intensity I
is defined as:

Turbulent intensity affects the operation and the lifetime of wind turbines
because a turbine subjected to highly turbulent wind may have its life time
reduced. According to the International Electro-technical Commission (IEC)
Standard 61400 (IEC 1999), a turbine should not be exposed to wind with
turbulent intensity greater than 16-18%. Therefore, it is important to estimate the
intensity at any prospective location for mounting a turbine. In this study three
wind directions  = 0°, 45° and 90° were considered. The results for the pitched
roofs are shown in Fig. 2.7 to 2.9. Before discussing the intensity of the data, it is
important to note that a height 10 m above the ground equates to 2 m above the
eaves. Where  = 0° at this height, the turbulent intensity behind the centre
house can reach up to 20%, as shown in Fig. 2.7(a). Turbulent intensity decreases
with height, as shown in Fig. 2.7(b).
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(b) 12 m above ground

Figure 2.7. Turbulent intensity above the roof level for pitched roof array where
 = 0°.

(a)

10 m above ground

(b)

12 m above ground

Figure 2.8. Turbulent intensity above the roof level for pitched roof array where
 = 45°.
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Fig. 2.8 shows the high turbulent intensity zone downstream of the roof
where  = 45°. Compared to the 0° case, the turbulence levels at 2 m above the
eaves have similar intensities. However, in contrast to the 0° case, the turbulent
intensity where  = 45° steadily increases up to the ridge where it is significantly
greater than  = 0°. Beyond the peak of the roof, the level of turbulence decreases
with height. Between the eaves and the ridge the turbulent intensity rises to 40%,
which means that it is not acceptable to mount a turbine below the ridge.
The turbulent intensity plots for a 90° wind direction indicate increasing
turbulent intensity with height until it’s above the ridge (Fig. 2.9). Contrasting
that behaviour to the 0° and 45° wind direction shows there was no significant
turbulence in the spaces between the houses. At heights between the eave and
the ridge the turbulent intensity can reach up to 70%.

Figure 2.9. Turbulent intensity for pitched roof with  = 90°.

The turbulent intensity over flat roofs where  = 0° is shown in Fig. 2.10. The
intensity is high, i.e. around 30% above the first row of houses, but if the centre
house is taken to represent a typical house in the array, then the turbulence level
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above the roof is actually lower than the design limit of 16 - 18%.

(a) 10 m above ground

(b) 12 m above ground

Figure 2.10. Turbulent intensity for an array of flat roofs with a wind direction
parallel to the rows of houses,  = 0°.

The level of turbulent intensity above a pyramidal roof where  = 0° is
generally well below the design limit (IEC 1999) except in the region
downstream of the roof of the first row of houses.
Where  = 45° the predicted turbulent intensity can be as high as 40%. There
was also vertically increasing turbulent intensity followed by a decrease above
the peak of the roof, similar to the 45° case for pitched roof houses. This
phenomenon can be explained by the highly sheared flow behind the roof (Fig.
2.11).
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Figure 2.11. Turbulent intensity for pyramidal roof where  =
45°.

To understand the variation in the level of turbulence with height, the
turbulent intensity above different roof profiles are shown in Figs. 2.12 and 2.13.
The starting points of the graph are the eaves, where Z equals 0. Fig. 2.12 shows
the turbulent intensity above the roof at a 45° wind direction. The turbulent
intensity between the eaves and the ridge at the corner of the pyramidal roof
was higher than the maximum recommended in the IEC standard (IEC 1999).
For a pitched roof, the highest intensity was at the peak of the roof, and it was
slightly higher than the IEC standard (IEC 1999) limit, whereas at the edge, a
turbulence level greater than 16% was not observed. Fig. 2.12 (b) shows that the
highest intensity was on a flat roof but was limited to the region very close to the
roof. The intensity decreases sharply over the roof, so beyond Z=0.1, a flat roof
has the minimum turbulent intensity.
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Corner location

Edge location

Figure 2.12. Turbulent intensity for =45⁰.
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The intensity above the roof for a 90° wind direction is displayed in Fig. 2.13.
In this case the intensities above the flat roof were less than 12%. The variation in
turbulent intensity of a pitched roof shows a contrasting trend compared to the
other directions of flow. Instead of a drop in intensity, it actually increased
above the peak of the roof. Similarly, an identical trend was observed for the
pyramidal roof although with less intense turbulence. At the edge of a pitched
roof, the intensity can be greater than 60%.

Figure 2.13. Turbulent intensity where =90⁰.

The preceding analysis has given an insight into the level of turbulent
intensity above various roofs. The favourable locations for mounting micro
turbines based on the level of turbulence is summarised in Table 2.2. The centre
house of the landscape was chosen as the representative house in this summary.
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Centre

Pitched roof

x

x

x

Flat roof







Pyramidal roof

x

x

x

Table 2.2. Summary of recommended turbine mounting location based on
turbulent intensity level.

2.3.3 Results of Wind Velocity
In the previous section the best mounting location for a wind turbine was
identified based on the level of turbulent intensity. In this section, the results of
the effects of roof profiles on the mean wind speed are presented. Wind speed is
defined as

. Figs. 2.14 and 2.15 show the wind velocity contours

above pitched roofs. Both figures show a significant decrease in wind speed
downstream of the roof, whilst a canyon effect results in the wind being
channelled between the rows of houses leading to local increases in velocity
(Mertens 2003, Tutor & Oguz 2004). Downstream of the houses, a low speed
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recirculation zone was seen. The flow characteristics, including stagnation at the
upstream face of the buildings, reverse flow downstream of the roof, and
separation at the front corners and reattachment were also reported by Mertens
(2003).

(a) 10 m above ground

(b) 12 m above ground

Figure 2.14. Mean wind speed above the pitched roofs for  = 90°.

(a) 10 m above ground

(b) 12 m above ground

Figure 2.15. Mean wind speed above the pitched roofs for  = 45°
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The velocities of the wind above flat and pyramidal roofs are shown in Figs.
2.16 and 2.17. The wind velocity contour is very different from that above
pitched roofs (Fig. 2.14). Pyramidal and flat roof landscapes have a weaker
canyon effect and there is evidence of much smaller separated zones above both
types of roofs. The most pronounced speed up effect was over a flat roof.

(a) 10 m above ground

(b) 12 m above ground

Figure 2.16. Mean wind speed above the flat roofs for  = 90°.

(a) 10 m above ground

(b) 12 m above ground

Figure 2.17. Mean wind speed above pyramidal roofs where  = 90°.
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To compare the velocity above the different roof profiles at the locations
where turbines are mounted, the velocity profiles for the three roof profiles and
the free stream were plotted on the same graphs. The normalised local wind
speeds (U/Uref) for each type of roof and free stream wind speed in the different
wind directions are shown in Figs. 2.18 to 2.21. For the 0° wind direction, the
wind speed increased on all types of roofs compared to the free stream velocity.
However, the wind slowed down on the pitched and pyramidal roofs where  =
90° and at the corner where  = 45°. By way of contrast, flat roofs results
consistently showed a higher speed near the roof than the free stream velocity
except that the flow separated slightly in the region very close to the roof. Fig.
2.21 compares the effect of wind direction on the flow above the centre of a flat
roof. Here, irrespective of the wind direction, the wind velocity over the roof,
excluding the vicinity of the roof for 90°, was consistently greater than the free
stream velocity.

The speed up effect above a flat roof shown in Fig. 2.18 to 2.21 was also
reported by Mertens (2003) for flat roof houses. They have the highest velocity
and more uniform speed, whereas the speed up effect for pitched and pyramidal
roofs depends almost entirely on both the wind direction and where the roof is
sited.
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Corner location

Edge location

Figure 2.18. Normalised velocity for different types of roofs where =0⁰.
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(a)

(b)

Corner location

Edge location

Figure 2.19. Normalised velocity for different types of roofs where =45⁰.
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(a)

(b)

Corner location

Edge location

Figure 2.20. Normalised velocity for different types of roofs where =90⁰.
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Figure 2.21. Normalised total velocity above a flat roof for all 

2.3.4 Wind power density
Wind power density (Eq. 2.7) is a useful way to evaluate the wind power
available at a potential site.

It can be used to compare the power available above three types of roofs. The
dependence of power density on the direction of the wind for a turbine located
at the corner of the three roof profiles is shown in Fig 2.22. In all cases, the hub of
the wind turbine is 3 m above the eaves. The available wind power above a flat
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roof is consistently higher than above a pitched roof and a pyramidal roof, but in
every case, the wind power available is sensitive to the direction of the wind.

Figure 2.22.

Power density as function of wind direction for the three
different roof profiles. The turbine was located at the corner
and the hub was raised to 3 m in all cases.

Of all the roof profiles studied, a pitch roof offers the lowest power density.
The location of the wind turbine at the corner, is suitable for low oncoming wind
directions ( < ~10° ) because where  > ~10° the array of pitch roof houses were
an obstacle for the wind, so the speed slowed down significantly and thus the
power density rapidly decreased. Similarly, the pyramidal roof experienced a
steady decrease in the power density until  = 60°, where it increased, whereas
the flat roof presented the highest and most consistent power density. The
pronounced decrease in power density between 45°<  < 70° was ascribed to the
arrangements of the landscape. In other words, between these directions the
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wind found the geometry of the houses an obstacle rather than a vehicle to
enhance wind speed. Thus, the power decreased. Thereafter ( > 67.5°), the lay
out of the pitched dwellings allowed the flow to accelerate and thus the power
density rose.

2.4. Conclusion
Wind flow simulations above houses with different roof profiles were carried
out. These simulations looked into the wind flow characteristics in terms of
turbulent intensity, wind velocity, and wind flow pattern. Based on the
computational results, the site for installing micro wind turbines above these
roofs has been assessed. It was found that the turbulent intensity depends
mainly on the roof profiles as well as the direction of the wind. The wind above
flat roofs has not only a lower turbulent intensity compared to the others roof
profiles but the turbulence beyond the roof decreases rapidly. In terms of wind
velocity, both the pitched and pyramidal roofs generally slow the wind down,
when  >55° for the pitched roof and where  >67° for the pyramidal roofs. This
is contrary to the flat roof where the wind accelerated independently of wind
direction. Based on the level of turbulent intensity and velocity above the roof, it
is concluded that a flat roof is the most favourable shape of the three profiles
considered. The power density above a flat roof is greater and more consistent
than the other types of roofs. The generic conclusion from this work only applies
for analogous suburban settings. Similar studies should be conducted for roof
profiles that are different to the three investigated. The CFD methodology
demonstrated in this work can be used to study the wind flow characteristics
above different roof profiles.
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Chapter 3: A Review of Diffuser Augmented Micro
Wind Turbine Principles & Theories

3.1. Introduction
Wind turbine systems convert kinetic wind energy into electrical power.
Based on how the axis of rotation is aligned to the wind flow, the device can be
either classified as horizontal axis wind turbines or vertical-axis wind turbines.
Horizontal axis wind turbines (HAWT) have their axes parallel to the to the
ground whilst vertical-axis wind turbine (VAWT) axes are perpendicular to the
ground. Diffuser1 augmented wind turbine (DAWT) are horizontal axis wind
turbines, where the turbine is enclosed within a diffuser shaped duct.
In this Chapter, the conventional bare HAWT and DAWT 1Dimensional (D)
momentum analysis is introduced. Thereafter, DAWT studies using 1D theory
and experimental work are reviewed. The potential of DAWT in urban areas is
also outlined.

3.2. Horizontal Axis Wind Turbines (HAWT) Theory
The analysis of HAWT is based on a 1D energy balance with the following
assumptions: (i) a non- rotational wake with a steady flow,

(ii) an

incompressible flow, and (iii) an inviscid flow.

1

In the literature diffuser augmented wind turbines are often referred to as either ducted or shrouded
wind turbines. In this thesis the term diffuser is used to reflect the diffusing mechanism of the duct.
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In this analysis a circular boundary surface (stream tube) enclosing air from
upstream and downstream of the rotor was constructed (Fig. 3.1). Assuming that
the enclosed air does not mix with the air outside the stream tube, the mass flow
rate of the air flowing along the stream tube will be the same for all stream-wise
direction positions along the tube. The air upstream of the turbine gradually
slows down so the velocity at the rotor disk is lower than the free stream
velocity. By conservation of mass, the cross sectional area of the stream tube has
to expand because the air has slowed down whilst the static pressure increases
to balance the decline in kinetic energy.

Figure 3.1 Schematic of the actuator disk model theory (Werler 2008 and DNV,

Chapter 3

Review of Diffuser Augmented Micro Wind Turbines

37

Risø 2002).
The simplest theory of 1D HAWT is the actuator disc theory based on energy
balance analysis using Bernoulli’s equation and momentum balance (Manwell,
McGowan & Rogers 2002 p84, Burton et al. 2005 p43). This theory allows for
predicting the optimum Coefficient of Performance (CP) and the Torque
Coefficient (CT) of the HWAT. However, it has a limited application in the
analysis of real turbines as it does not account for the effect of wake rotation
(swirl) behind the rotor, the finite number of blades, the non-zero aerodynamic
drag of the air flow over the rotor blades, and associated tip losses.
An improved theory by Glauert for a rotating disk was introduced to account
for swirl (Glauert 1926, Burton et al. 2005, p51). This theory enables the
performance of the turbine to be studied, while accounting for the disk rotation,
although it does assume that the actuator disk is solid, so it does not account for
the effect of the rotor blade features.
This widely accepted theory combines blade element theory and momentum
theory (BEM). BEM models the rotor as a series of blades with defined features
such as airfoil profiles, chord, and twist. This theory relies on the lift and drag
characteristics of an airfoil and typically uses 2-D characteristics from wind
tunnel experiments. This has been found to be inaccurate for analysing a wind
turbine because of the centrifugal force and distribution of radial pressure that
changes the stall characteristics of the airfoils, particularly for large turbines
(Snel 2003). There have been a number of works on 3-D lift and drag
characteristics of airfoil for wind turbines (Tangler 1982, Van Grol, Snel &
Schepers 1991 , Duquette, Humiston, & Visser 2002, Martínez et al. 2004).

Chapter 3

Review of Diffuser Augmented Micro Wind Turbines

38

3.3. 1D Diffuser Augmented Wind Turbines (DAWT) Theory
The same approach used for a 1D analysis of a bare wind turbine is used for
DAWT with similar assumptions. However, in DAWT the external forces acting
upstream and downstream of the turbine need to be considered. Additionally, it
is also assumed there are negligible losses from the diffuser leading edge to the
turbine, and the flow is attached to the duct until it reaches the trailing edge. It
should be noted that unlike the 1D theory for bare wind turbine, 1D theory for
DAWT is a semi- empirical theory (Foreman, Gilbert & Oman 1977).

Figure 3.2. Diffuser system nomenclature (Werler and Walter 2006).
Fig 3.2 shows the reference nomenclature used for the DAWT analysis.
Oman and Foreman (1973) presented the 1D theory applied to DAWT. The Ideal
Coefficient of Performance for DAWT,

, is expressed as follows:
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where
is the inlet loss coefficient defined as:

the diffuser exit pressure coefficient

is:

the augmentative factor, , is defined as:

and the diffuser efficiency,

In Eq (3.3)

is the pressure at the diffuser exit,

upstream pressure,
In Eq. (3.4)

is:

is the free stream velocity and

corresponds to the far
is the density of the air.

indicates the velocity at the rotor plane and in Eq. (3.5)

is the

velocity immediately after the turbine rotor.
The above formulation allows for correlating performance, diffuser geometry,
and pressure and velocity distributions. Nonetheless, the coefficients
must be determined experimentally. An alternative approach involves making
assumptions for the above mentioned coefficients such as in the work of Oman
and Foreman (1973) where the inlet loss coefficient was estimated to be equal to

Chapter 3

Review of Diffuser Augmented Micro Wind Turbines

40

. However, it should be noted that these assumptions must account
for the drop in pressure across the diffuser dependency on the diffuser’s flow,
thereby on (Phillip 2003).
Early research focused on 1D analysis of ducted wind turbines (Lilley &
Rainbird 1957, Oman & Foreman 1973, Foreman, Gilbert & Oman, 1973). The
investigations agreed that DAWT could supply twice as much power than bare
wind turbines.
Lilley and Rainbird (1957) identified the DAWT power enhancement
mechanism as an increase in the axial velocity and a reduction in the tip swirl. It
was demonstrated that the power enhancement depends almost entirely on the
diffuser geometry (i.e. area ratio

, and shape of the duct) and internal

frictional losses. It was reported that the minimum increase in power with a duct
could reach 1.3 times the power output of a bare wind turbine, but any gain in
power was considered to be limited and would probably not double the power
of a bare wind turbine.
Oman and Foreman (1973) used 1D momentum theory applied to DAWT,
combined with experimental work to study the economical viability of DAWT
utilization. The experiments conducted in a wind tunnel used screens to
represent the turbines. Hence, the energy across the screen was dissipated. It
was concluded that large (> 50 m) and small (< 20m) rotor turbines are more cost
effective than conventional wind conversion systems. The economics of the
intermediate sizes were unclear by the uncertainty of estimated costs.
Igra (1981) reviewed three different generations of shroud geometries and
conducted experimental work on a wind tunnel. The first model was discarded
due to the high ratio length to diameter, which made it inappropriate for
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commercialisation. The second model was a truncated version of the first with
the addition of a collector, nevertheless, the best results were obtained when the
diffuser shaped resembled an airfoil. Consequently, the third generation of
shrouds had an airfoil shaped diffuser so a prototype airfoil shaped diffuser was
built and monitored in a pilot plant. Before this experimental work, 1D theory
was used to predict the power output of the airfoil shaped diffuser. Although
the load turbine factor (where load factor is the performance of the turbine; the
pressure just before and after the wind turbine is used to calculate it) and area
ratio had to be estimated because of the limitations of 1D theory, it was shown
that 1D theory could explain the flow field through the diffuser relatively well,
provided that the area ratio was not too large to ensure that separation did not
occur in the diffuser.
Even though 1D theory has proven to be useful, due to the aforementioned
limitations it is just applicable for a preliminary assessment of bare and DAWT.
The shortcomings of the bare and DAWT 1D theory are overcome by
computational fluid dynamic (CFD) analysis. CFD analysis helps to give a
detailed and realistic analysis of wind turbines. Although initially the method
was not widely used due to the computing power required and availability of a
CFD tool with the necessary modelling capabilities, it has now become one of the
primary tools for wind turbine designers. The CFD methodology is reviewed in
Chapter 4.

3.4. Diffuser Wind Turbine Studies
At present, the cost of capturing wind energy exceeds the cost of conventional
energy from sources such as coal or hydro (IEA 210). This is mainly because the
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wind has a diffuse nature i.e. the quantity of energy contained in the wind per
meter cubic of air is low (Van Holten 1981). For this reason, wind turbines
researchers have concentrated on how to improve the efficiency of wind energy
extraction. The performance of a wind turbine can be improved by enlarging its
size, because efficiency increases with size. Another way of improving the
efficiency is to increase the mass flow of air passing the rotor.
Van Holten (1981) described the principal of DAWT. As mentioned above for
bare wind turbines, the fluid goes through the turbine and energy extraction is
produced. Subsequently, the mass of air velocity decreases and finally reaches
atmospheric pressure. The deceleration of the fluid implies the existence of an
axial force in an opposite direction of the free stream velocity provided by the
turbine (Fig. 3.3 a).
In DAWT, there are also cross wind forces (Fig. 3.3 b). These forces act
outwards, so the angle at which the air leaves the turbine disk increases, which
means that the stream tube downstream becomes wider. Therefore, the mass
flow through a ducted wind turbine is greater than a bare wind turbine.
Georgalas and Koras (1987) numerically calculated the vorticity, induced
velocity, and mass flow enhancement of a diffuser wind turbine with different
geometries and sizes, i.e. wing and airfoil shaped ducts with different chamber
thickness

and

a

straight

diffuser.

The

results

were

calculated

via

parameterisation of the diffuser. That is, by considering the diffuser as vortex
rings, superposing them, and applying lifting line theory onto the turbine rotor.
The results showed that the performance of a ducted turbine depended mainly
on the ratio between the duct chord over the duct ratio (c/R), and the shape of
the duct. It was claimed that for certain size ducts c/R ≥ 0.5, the calculated
coefficient of performance could exceed the Betz limit. The fact that the Betz
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limit could be exceeded is because the authors calculated Cp using the rotor area
instead of the outlet diffuser area.

(a)

(b)
Figure 3.3. Energy extraction for (a) Conventional bare wind turbine. (b) DAWT.
(Van Holten 1981)

Koras and Georgalas (1988) analytically calculated the Cp for different duct
geometries. Similar formulation as Georgalas and Koras (1987) was applied, i.e.
parameterisation of the duct and lifting theory on the rotor. The induced
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velocities generated by the blade vortex were neglected. The assumption was
valid because the dimensions of the tip clearance were large enough (60% of the
rotor radius). It was found that the Cp increased by increasing the angle and
section camber of the duct, and reducing the tip clearance.

3.5. Experimental Studies of Diffuser Augmented Wind (DAWT) Turbine
Early researches concluded that the performance of DAWT depend mostly on
the shape of the diffuser, and hence many recent investigations have focused on
experimental studies of DAWT geometry on the Cp.
Ohya et al. (2008) studied the effect of different shaped ducts such as
cylindrical, nozzle, and diffuser, on the surrounding flow velocity and pressure
distributions, as per Fig. 3.4.
The maximum ratio of acceleration 

, for the optimum diffuser

dimensions was ≈ 1.8 (Fig. 3.5). Oman and Foreman (1973) showed similar
velocity enhancement.
Among the configurations investigated, the diffuser shaped duct (Fig. 3.4 a)
obtained the highest speed at its inlet. Differences in the flow can be understood
by following the continuity equation such that the mass flow rate is maintained.
Hence, the velocity is significantly increased in the diffuser type duct whilst the
nozzle shaped duct decelerates the flow.
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(a)

(b)
Figure 3.4. Flow inside and outside the (a) nozzle structure and (b) diffuser structure.
The experiments were carried out with smoke on the wind tunnel by Ohya et
al (2008).
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Figure 3.5 Distribution of wind velocity on the central axis of three different
structures i.e. diffuser, nozzle and cylindrical duct (Ohya et al. 2008).

DAWT with Additional Features
The addition of peripheral appendages on the main structure of the turbine
has been shown to enhance power capture (Anzai et al. 2004, Abe et al. 2005,
Matsushima et al. 2006, Ohya et al. 2008, Wang 2008, Ohya & Karasudani 2010).
Concentrator, Flanges, which are the most commonly used appendages, and
airfoil shaped diffuser are reviewed below.

3.5.1 Concentrator
A concentrator is a device that can be used to control and concentrate the flow
towards the turbine, which increases the mass flow rate and consequently
enhances the turbine’s power output.
Anzai et al. (2004) conducted experiments to analyse the consequences of
introducing a concentrator (Fig. 3.6) onto a turbine, and its optimal design. It
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was shown that the power output compared to bare wind turbine can be
increased on the conditions that:
(i) The rotor was located behind the outlet of the concentrator.

The

concentrator must be placed 50 mm to 150 mm ahead the turbine’s rotor.
(ii) The concentrator outlet diameter must be slightly smaller than the rotor
diameter and the concentrator inlet diameter must be much larger than the
turbine.
An approximately 25% increase on Cp compared to a bare wind turbine was
achieved.

Figure 3.6. Sketch of a concentrator and wind turbine. (Anzai et al 2004)

Watson et al. (2007) used 1D theory and experimental work to prove there was
very little improvement using an inlet concentrator only. However, the
experimental measurements showed that with a proper outlet diffuser the power
could be increased by 30% compared to a bare turbine.
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3.5.2 Flanged Diffuser
The addition of flanges on the diffuser as per Fig. 3.7 creates a low pressure
zone due to the vortex formed at the diffuser exit. This large reduction in back
pressure draws more mass flow through the diffuser which in turn enhances
performance.

Figure 3.7. Schematic diagram of a wind turbine with a flanged diffuser showing
the wind flow around the device. (Abe & Ohya 2004).

Flanged diffuser turbines have been extensively studied by Abe et al. (2005),
Matsushima, Takashi and Muroyama (2006) and Ohya et al. (2008).
Abe et al. (2005) carried out experimental and numerical investigations on the
flow field around flanged diffuser wind turbines. The main conclusions reached
were:


Flow immediately after the rotor was similar for both a bare and flanged
diffuser wind turbine, although differences were identified downstream
where the wake disappeared much quicker on the diffuser wind turbine.
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The wake was still visible a long way downstream on the bare wind
turbine whereas the vortex on the diffuser wind turbine dissipated very
quickly.


The flanged diffuser wind turbine performed far better than the bare
wind turbine as it reached higher Cp. However, when the performance
was normalised by the local mean velocity behind the turbine blades, both
the bare and diffuser turbine returned a similar peak performance. It was
therefore concluded that both wind turbines operated alike against an
oncoming wind.

Matsushima et al. (2006) conducted simulations and field tests to investigate
the output of turbine power from a flanged diffuser. The study detected that the
speed up effect depended mainly on the geometry of the diffuser, i.e. the length,
diameter, angle of the diffuser and length of the flange, as well as the steadiness
of the wind. The best diffuser geometry increased the wind speed by 1.7 times
and the maximum power output was increased by 2.4 compared to a
conventional wind turbine.
Ohya et al. (2008) conducted some experiments to study the effect of different
geometry parameters in a flanged diffuser wind turbine. Experimental
measurement in the flow field around different types of ducts showed that a
diffuser shaped duct with flanges and inlet shroud (collector) significantly
improved the velocity. It is seen in Fig. 3.8 that this configuration is
approximately 40 % higher than the individual diffuser speed up effect for
different length and diameter ratios. The length of the flanges was also
optimised based on the increase in velocity. This increase in velocity was a result
of adding the flanges, because as previously stated, flanges generate strong
vortices at the diffuser exit that decreases the exit pressure. Therefore, more
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mass flow is sucked into the diffuser and consequently the inlet velocity
increases.

Figure 3.8. Velocity augmentation compared to the free stream by the addition of
different features to the diffuser shroud. Ohya et al. (2008).

The experimental results obtained from a flanged prototype are shown in Fig.
3.9. They were acquired under the same incoming wind speed and identical
swept area. A significant increase on the Cp and a wider operating range of tip
speed for the flanged diffuser wind turbine were obtained.

Figure 3.9. Power coefficient obtained with the bare and flanged diffuser wind
turbine. Ohya et al. (2008).
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Ohya et al. (2010) called the notion of accelerating the wind, “wind-lens”
technology. They developed a compact diffuser with flanges called a brimmed
diffuser. Diverse experiments in a wind tunnel investigating multiple geometry
dispositions were carried out to find the optimum geometry that achieved the
best power coefficient.
Fig 3.10 shows the enhancement of Cp for different compact brim diffusers
against the tip speed ratio. A significant increase in power is produced for > 2.5.
Among the geometries tested, the C-type achieved the highest power coefficient.

Figure 3.10. Different diffuser geometries with their Cp for different  adapted
from Ohya and Karasudani (2010).
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More experiments were conducted by varying the length of the C-type
diffuser until the best disposition was achieved. The results indicated a Cp higher
than the Betz limit. This resulted from the using the swept area of the turbine
rotor to calculate the power available from the wind instead of the exit diffuser
area. Similarly, several authors (Abe et al. 2005, Hansen et al. 2000, Ohya et al.
2008) reported that the power extracted with a turbine equipped with flanged
diffuser can exceed the Betz limit. Nevertheless, Ohya and Karasudani (2010)
specified that if the swept area of the diffuser exit was adopted, the flanged
diffuser Cp is still 16-25% higher than the bare wind turbine Cp.

3.5.3 Airfoil Shaped Diffuser
It is possible to increase the mass flow going through the turbine with an
aerodynamically shaped duct and thereby increase the power output and some
research has focused on the study of different airfoil shaped diffusers and their
effect on the performance of a wind turbine. (Hansen et al. 2000, Franković &
Varsalović 2001)
Hansen et al. (2000) and Franković and Varsalović (2001) proposed an airfoil
shaped diffuser with the suction side as the inner part because this would direct
the lift force on each part of the airfoil to the centre. This results in greater cross
wind forces than the forces produced by a straight diffuser, which in turn
induces a larger expansion downstream of the rotor, thus allowing more air flow
upstream. Therefore, the mass flow through the turbine is increased and the
power output increased. An increase in the mass flow rate generated by the
airfoil shaped diffuser in comparison with the mass flow rate through a bare
wind turbine is represented by the stream tube in Fig. 3.11. The velocity increase
through the bare wind turbine and airfoil shaped diffuser is also shown.
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Franković and Varsalović (2001) concluded that an airfoil shaped diffuser can
improve the energy output of conventional turbines by a factor of 3.28. Besides,
it was indicated that the economic benefits reached by the airfoil diffuser wind
turbine were five times greater than the profits achieved by the bare wind
turbine.

Figure 3.11. Airfoil diffuser stream tube compared with bare wind turbine
stream tube and wind velocity augmentation for both turbines.
(Franković and Varsalović 2001).

3.6 Building Integrated or Building Mounted Ducted Wind Turbines
The pressure drop and kinetic energy of the increased flow through an
obstruction, e.g. around mountains or buildings has been used to increase the
power output of a turbine, principally in urban environments. However, there
are a several issues that still hinder the use of wind turbines in urban areas, such
as unfavourable wind characteristics in built up areas, as addressed in Chapter 1,
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public concerns about safety, noise, vibration of the building structure and
higher costs per unit of electricity compared to off shore wind turbines or wind
farms (Li, Wang & Yuan 2009 and Beller 2009).
These issues could be minimised by using suitable wind turbines. That
suggests that the conventional bare wind turbines currently on the market are
not appropriate for urban areas (Beller 2009). It was stated by Grant and Kelly
(2004) that ducted wind turbines are made for integration in built up areas.
Hence, further investigation on building integrated or building mounted ducted
wind turbines is necessary (Dutton, Halliday & Blanch, 2005). A review of
studies conducted to date on building integrated or building mounted ducted
wind turbines is presented below.

Figure 3.12. Prototype designed by Webster (1979)
Webster
Webster (1979) patented one of the first prototype ducted wind turbines
specifically designed for high rise buildings (Fig. 3.12). The idea was to use the
pressure differential created by the wind flow around the buildings to draw
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more air through the turbine. Thus, the inlet is in line with the façade and the
outlet with the roof. The addition of a spoiler helped to create a higher pressure
difference.
Buildings can increase the rate of acceleration respect the unperturbed wind,
so the turbine needs to be mounted securely. For instance, Dannecker and Grant
(2002) proposed a wind turbine completely integrated into the building. It used
the building structure as a duct (Fig. 3.13 a) and b)) to benefit from acceleration
through the building. The wind tunnel experiments showed that by integrating
the turbine into the building, the wind velocity could be 30% higher than the free
stream velocity.

(a)

(b)

Figure 3.13. (a) 2-D schematic of building integrated micro wind turbine and (b)
3-D model of the straight duct with spoiler. (Dannecker & Grant
2002).

Dannecker and Grant (2002) compared the power output for two different
ducted wind turbines with a spoiler, a bare wind turbine of similar size, and a
photovoltaic panel (PV). The energy yield from the ducted wind turbine was
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modelled using the mean wind speed measured in the wind tunnel experiments
and the climate data file from Glasgow, Scotland. A conventional wind turbine
(Rutland WG 910) was modelled on the power curve of the manufacturer.
Finally, the performance of the PV was calculated with the simulation program
MERIT developed by the Energy System Research Unit at Strathclyde
University.
The results presented in Fig. 3.14 showed that the ducted wind turbines had
consistently more energy than the bare wind turbine and the PV (250 W).
Further, it was revealed that the correct orientation of the ducted wind turbine
with respect to wind direction results in a much higher energy yield.

Figure 3.14.

Monthly energy yield for the ducted wind turbine, bare wind

turbine and PV panel with a 250 W power cut off. Dannecker and
Grant (2002).
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Grant and Kelly (2004) also investigated the performance of ducted wind
turbines installed on a building roof using the ESP-r building simulation tool. PV
was added to the simulation set up for a comparison with the wind devices. In
the simulations, the average UK climate set was used to calculate the power
output of the turbines and PV (here, 200 PV panels of 12.5 kW peak power). The
outcomes showed that the density of the ducted wind turbine energy was higher
from a prevailing wind direction. Therefore, a conclusion similar to Dannecker
and Grant (2002) was reached concerning the importance of placing a ducted
wind turbine in a proper location. However, in their study, the location of the
turbines was restricted so the authors found that the PV power output was
higher than the ducted wind turbine. Nevertheless, the potential of ducted wind
turbine was demonstrated.
Grant et al. (2007) developed a semi empirical model for DAWT to predict the
power output and determine optimum performance. Fig. 3.15 exemplifies the
variables used in the model.

Figure 3.15. Scheme of a simple ducted wind turbine used by Grant and Kelly
(2004) to illustrate the variables used in the model.
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The mathematical model was tested against Dannecker and Grant’s (2002)
experimental data. The diffuser power coefficient obtained was as follows:

where
the velocity coefficient of the duct

is:

is the velocity at the duct exit [m/s], U∞ is the oncoming wind speed [m/s] and

is

the differential pressure coefficient defined as:

In order to test the model against the experimental results, the value of δ was
calculated using Eq. (3.7), where

was assumed and the ratio

was

extracted from the experimental data. Besides, it was considered that δ is not
influenced by the presence of the duct. The hypothesis is acceptable for a single
ducted wind turbine although it is questionable for a group of turbines mounted
together along the roof
Similar to the aforementioned 1D theory for DAWT,
assumptions or extracting

relies on making

from experimental data. Therefore, CFD offers

higher practicality against the use of semi-empirical theories.
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An overall assessment of micro wind turbines in built up environment was
presented by Li, Wang, and Yuan (2009). They concluded that a key problem
with micro wind turbines in an urban environment remains the same; the cost
per kW is higher than turbines in wind farms; the operating costs are lower than
wind farms but the installation costs are 25-33 % higher. Therefore, finding a
way to make conventional micro wind turbines in urban areas cost effective is an
imperative because, as mentioned before, a possible cost effective alternative to
conventional bare wind turbines for urban areas could be the use of DAWT.
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Chapter 4:
Computational Fluid Dynamics Methodology for
Wind Turbine Performance Analysis

4.1 Introduction
Computational Fluid Dynamics (CFD) was the method used in this thesis to
analyse the performance of wind turbines. With its increased computing power
of proprietary CFD software that can handle large scale simulation, the analysis
of wind turbines with fine meshes and complex physics can be performed
relatively quickly.
Compared to the conventional approach based on Blade Element Momentum
(BEM) theory, the CFD method offers a deeper insight into the flow around the
rotor blades. It also allows for a more precise investigation into the effect that
rotor features such as the number of blades, blade profiles, and tip clearance has
on the flow field. This thesis is not the first study that has used the CFD
technique, but to the best of the author’s knowledge this is the first CFD study
on small diffuser augmented wind turbines (DAWT) where the actual rotor
model in the rotating domain is used.
Several previous wind turbine studies that used CFD methods to model
conventional and ducted wind turbines are reviewed below.
The early wind turbine CFD analysis focussed on the 3D effect of the lift and
drag coefficients. Bak et al. (1999) derived lift and drag airfoil coefficients by
simulating a 3D conventional turbine model using EllypSys3D. The study
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between CFD computations and

experimental measurements, with deviation below 10%.
The performance of a highly loaded bare gas turbine and a partially shrouded
turbine with winglets was assessed by Harvey and Ramsden (2001).

(a)

(b)

Figure 4.1. (a) Pressure contour at the trailing edge for plain tip and winglet. (b)
Over tip leakage flow over the plain and winglet tip. (Harvey &
Ramsden 2002).

The work was validated against measured data to calculate the static pressure
and whirl angle of the flow in the presence of tip leakage flow. This numerical
study showed that the winglet offered a more uniform distribution of pressure
(Fig. 4.1 a), and it reduced flow leakage over the tip (as per Fig. 4.1 b), and
doubled the stage efficiency compared to conventional gas turbine blades
A study of 3-D stall phenomena and downstream wake distribution was
carried out by Kim et al. (2002), who showed that two different vortices, the
central vortex and free-tip vortex, were generated down stream of the turbine.
The rotational speed affected the distance between the vortices i.e. an increment
in the speed lead to closer and narrower wakes. This analysis also showed there
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was an increasing difference in pressure between the suction side and the
pressure side towards the tip, which suggested that torque is largely produced
by the outboard section
The effect of a non-conventional tip such as the swept tip shown in Fig. 4.2
and the detailed flow around the tip was studied by Hansen and Johansen
(2004). The existence of a separated tip flow as well as tip vortex dimensions was
revealed via CFD. The lift and drag coefficients were extracted and compared to
published 2D airfoil data. The results revealed a good agreement except for high
wind speed, where the turbine stalled.

(a)

(b)

Figure 4.2. Streamlines and vortex created by different blade tips at 15 m/s
(a)Conventional. (b)Swept. (Hansen & Johansen 2004).

One of the first CFD studies of DAWT was reported by Abe et al. (2005) who
performed experimental and numerical studies on a small wind turbine with a
flanged diffuser. The computational setup modelled the rotor as a disk
representing an energy absorbing device. Despite of its simple rotor model, the
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study obtained good agreement between the computational and experimental Cp
excluding the low values, where the turbine stalled. Therefore, the
methodology proved to be appropriate for a preliminary evaluation, without
considering the stall region.
Ferrer and Mundante (2007) numerically investigated the blade tip geometry
with three different shapes (Fig. 4.3).

(a)

(b)

(c)

Figure 4.3 Suction side distribution of pressure with the leading edge on top, for the
three tips proposed by Ferrer & Mundante (2007). (a) Conventional, (b)
tip at pitch axis, (c) swept- back tip.

The flow conditions on the tip of the blades was examined, and revealed that
the shape of the tip modified the radial attached flow, disturbed its response,
and caused 3D effects. An increased suction on the outside of the swept back tip
was detected. This could be explained by the spanwise flow component towards
the inside sections of the swept back tip. Hence, CFD was used to create simple
tip corrections to improve the performance.
Laursen, Enevoldsen and Hjort (2007) adopted the CFD technique to assess
the blade performance through the distribution of force, and the lift and drag
coefficient calculations along the blade. The study aimed to understand the effect
of the new transition model by Langtry and Menter (2006) and compare it with
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the fully turbulent model. The simulated results showed that the optimal model
should be a compromise between the two.
CFD has also been used to address the siting location for DAWT in suburban
areas. Watson et al. (2007) compared the performance of free standing and roof
top DAWT obtained with CFD modelling and 1-D theory. The CFD model used
a resistive volume to represent the turbine inside the diffuser. Three different
diffuser area ratios, i.e. the ratio of the area of the duct outlet to the area of the
rotor were modelled, and a free standing wind turbine and one mounted on a
building were investigated.
The results showed a good agreement for a free standing turbine whilst the
turbine mounted on a building did not produce the power predicted by 1-D
theory. A probable explanation for this discrepancy could be the effect of the
building in the flow field such as the speed up and separation on the edifice, as
well as the vertical flow asymmetry. Therefore, using an experimental correction
on the 1-D theory to account for placing a shroud into the building was
suggested. Otherwise stated, an extra term dividing the inlet diffusion efficiency,
and an additional expression multiplying the Cp factor was introduced to help
the 1-D theory match the CFD results.
Amano and Alloy (2009) utilised CFD to replicate a Nordtank 500/41 turbine
blade to improve the shape of the blade by using a swept edge instead of a
straight blade. The straight blade profile was constructed using BEM whilst the
swept edge was analysed with CFD. Both blades had similar characteristics
except for the span-wise velocity component, which was only considered in the
swept blade. The investigation exposed that the swept edge blade geometry
sustained maximum efficiency at low incoming wind speed and increased the
power against the conventional blades by virtue of stall delay.
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Yu et al. (2010) studied the flow characteristics and stall delay phenomena by
modelling a 3D turbine using CFD. The computational results, including the
aerodynamic forces coefficients, were compared with the characteristics of 2D
airfoils obtained analytically. The experimental and computational results
agreed with the exception of the case of the high oncoming wind speeds
attributed to the considerable amount of flow separation. The CFD calculations
aided to explain stall delay and augmented lift phenomena.

4.2 General CFD Theory
This chapter describes the steps and strategy used to develop the CFD model
of a wind turbine with and without a diffuser used in this study.

4.2.1 Reynolds-Averaged Navier-Stokes method
A number of different techniques have been used in CFD simulations,
including Large Eddy Simulation (LES) (Tutar and Oguz 2004, Uchida and Ohya
2008) or the Reynolds-Averaged Navier-Stokes (RANS) method with various
turbulence models (Menter 1994).
The choice is generally based on the details of the flow to be obtained and the
computing resources available. If only quasi-steady data is of interest, using the
well established RANS equations are sufficient, which is the case in the present
study.
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Using the RANS equations the flow is governed by the continuity equation
and the Navier-Stokes equations, which may be expressed in terms of the mean
quantities:

where,
i=1, 2, 3 are the Cartesian axes,

is the mean velocity component,

Cartesian component of length, p is the pressure,
is the density of the air. The terms

is the

is the viscosity of the air, and

are known as the Reynolds stresses,

which physically represent the additional stresses stemming from the fluctuating
components of the flow. The key objective for any turbulence model used with
the RANS scheme is to accurately model the Reynolds stresses.

4.2.2 Turbulence model: Shear Stress transport (SST k)
In this work the SST kturbulence model by Menter (1994) was used. The
model combines the k- with the kmodelsIt uses the k model near the
wall and k- when at the upper limit of the boundary layer, i.e. far away from
the wall.
Several authors (Menter 1994, Heath et al. 2007, Santiago, Martilli & Martín 2007)
claimed that this is superior to the k- model which tends to over predict the
eddy-viscosity in separated flow situations. Table 4.1 presents the turbulence
model used by the authors reviewed here.
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Turbulence model

Bak et al. (1999)

k-

Harvey and Ramnsden (2001)
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Algebraic mixing length model
following Prandtl’s formulation

Kim et al. (2002), Hansen and Johansen
(2004), Ferrer and Mundante (2007),
Laursen, Enevoldsen and Hjort (2007),

k SST

Watson et al. (2007), Amano and Alloy
(2009), Yu et al. (2010).
Abe and Ohya (2004), Abe et al. (2005)

Non-linear eddy viscosity model

Table 4.1. Turbulence models employed for different authors reviewed in this
work.

The k based SST equations are (‘CFX guide’ 2008):

The SST k model accounts for the transport of the turbulent kinetic energy
and accurately predicts the onset and size of the flow separation under adverse
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pressure gradients, by including the effects of transport in the formulation of
eddy-viscosity. This improves the prediction of flow separation.
The appropriate transport behaviour can be obtained by a limiter to the
formulation of the eddy-viscosity:

where,

F2 is a blending function similar to F1, which restricts the limiter to the wall
boundary layer, and S is an invariant measure of the strain rate.
The formulation of the blend function is based on the distance to the closest
surface ,and the flow variables (‘CFX guide’2008).

with:

Where y is the distance to the nearest wall,

with:

is the kinematic viscosity and:
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4.2.3 Rotating Reference Frame (RRF)
The reason for using RRF is to transform an unsteady problem in the
stationary frame into a steady problem in relation to the moving frame. A
rotating reference frame is defined as a non- inertial reference frame that rotates
relative to an inertial reference frame.

Figure 4.4.Stationary and rotating reference frame (‘Fluent 6.3 User Guide’ 2006).
The rotating frame of reference rotates with a constant angular velocity
relative to a stationary reference frame, as exemplified in Fig. 4.4.
The fluid velocities can be transformed from the stationary frame to the
rotating frame using the following equations:
rotating frame using the following equations:
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where
x
The relative velocity is

, the velocity viewed from the stationary frame ( i.e. the

absolute velocity) is , and

is the whirl velocity, which represents the velocity

due to the moving frame. In this work

as the axis of rotation coincided

with the x axis of the stationary coordinates system.

4.3 Geometry and Computational Domain
One of the primary aims of the thesis was to investigate the effect of diffuser
geometry and rotor blade features on the performance of DAWT. The geometry
of the different diffuser was created using the ANSYS Design modelling module.
The rotor blade units were also created in the ANSYS Design modeller. The first
geometry developed was the Nordtank 500/41 which was used to validate the
methodology. Detailed specifications are given in Table 4.2 (‘Description of
Nordtank at Risø National Laboratories’ 2003).
The other model built was a micro wind turbine based on Ohya et al. (2008)
with the rotor dimensions given as indicated by Table 4.4. The various diffusers
modelled are listed in table 4.3. The modeled diffusers are based on Ohya et al.
(2008) duct’s length and Ohya et al. (2010) compact brim diffuser’s length listed
on Table 4.4.
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Rotor
Radius

20.5

Blades

20.00

Profile

NACA 63-4xx & NACA FFA-W3

Diameter of bolt circle

1m

Rotational speed

27.1 rpm

Blade characteristics for NORDTANK 500/41
r (m)

Twist(deg)

Chord(m)

4.5

20.00

1.630

5.5

16.3

1.597

6.5

13.00

1.540

7.5

10.05

1.481

8.5

7.45

1.420

9.5

5.85

1.356

10.5

4.85

1.294

11.5

4.00

1.229

12.5

3.15

1.163

13.5

2.60

1.095

14.5

2.02

1.026

15.5

1.36

0.955

16.5

0.77

0.881

17.5

0.33

0.806

18.5

0.14

0.705

19.5

0.05

0.545

20.3

0.02

0.265

Table 4.2. Nordtank 500/41 specifications. ‘Description of Nordtank at Risø
National Laboratories’ (2003).
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Diffuse type
Bare
Straight diffuser shroud
NACA 0012 airfoil shaped duct
NACA 0021 airfoil shaped duct
Straight diffuser with flanges
NACA 0012 airfoil shaped diffuser with flanges
Compact Brim diffuser
Table 4.3. Diffusers geometries investigated in this work. The figure with the
geometry can be found in Chapter 5, Fig 5.1.

The geometry used for the set up consists of two cylindrical domains. Two
domains were required due to the large difference in length of the model set up.
Similar approach is found in Amano and Malloy (2009) work. The small cylinder
(Fig. 4.5 a) contained the wind turbine rotor blades and the large cylinder
represented the air surrounding the turbine. The assembled domain (Figure 4.5.
b) is modelled as a Rotating Frame of Reference. To reduce the computational
processing and memory demand, the domain of the three blade rotor was
reduced to one third of the full turbine geometry, omitting the nacelle and tower
indicated by Bak et al. (1999), Amano and Malloy(2009) and Yu et al. (2010).
The small turbine had a straight NACA 63-210 blade profile with an angle of
attack of 12 degrees and a chord length of c=0.09 m (Fig. 4.5 a). To guarantee that
the flow at the turbine was not affected by the boundaries, the large cylindrical
domain extended 4 diameters upstream of the turbine’s rotor, 8 diameters
downstream, and 5 diameters in the radial direction (Fig 4.5 b) following

Chapter 4

Computational Fluid Dynamics Methodology

73

Laursen, Enevoldsen and Hjort (2007).

Straight diffuser with flanges

Wind Lens Turbine

Turbine Features

Dimensions

Diameter duct inlet, D

0.6 m

Diameter of bolt circle, Dh

0.066 m

Blade length

0.228 m

Rotor diameter, d

0.594 m

Diffuser characteristics
Diffuser length, L

0.75 m

Flanges length, h

0.5 D m

opening angle

12 ˚

Brim diffuser length, Lt

0.2226m

Distance from the turbine rotor to the

0.12m

Brim
length,
brim,
Lb hb

0.06 m

Tip clearance, s

10 mm (compact brim)
6 mm (flanged diffuser)

Table 4.4. Schematic of the wind turbine, including its dimensions (Ohya et al.
2008, 2010)
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The only diffuser that was slightly different was the airfoil shaped diffuser,
which was built with the suction side as the inner part of the diffuser, pointing
downwards at a 12 degree angle of attack to match the length of the straight
diffuser. Hence, the airfoil diffuser’s length and chord were similar to the
straight diffuser, i.e. c = 0.75m which resulted in a diffuser length of 0.75 m.

(a)

(b)
Figure 4.5. The geometry of the turbine’s rotor and assembly of the domains. (a)
Turbine rotor sketch (b) The small wind turbine assembled with the
big domain with two different duct configurations: Airfoil NACA
0012 diffuser without and with flanges.

Various models were constructed in order to study the effect of different
features on the performance of the turbine. In the study of diffuser effects, the
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large domain was modified for each diffuser model whilst the turbine was
unchanged. By contrast, in an investigation of the effect of the rotor feature on
the performance of the turbine, the large domain with the diffuser was not
modified, while the turbine rotor was changed according to each feature. That is
to say, different shaped blades, tip clearance, and the number of blades were
changed.
It is important to note that the dimensions of the large domain for the diffuser
with flanges had to be increased to keep the diffuser far enough from the
boundaries, due to the size of the flanges.

4.4 Computational Mesh
As a consequence of the differences in dimensions between the small rotor
and the overall flow region (as mentioned previously in §4.3) two different
domains were used to facilitate meshing. Unstructured tetrahedral mesh was
used in both cases. Table 4.5 indicates the number of elements for each large
diffuser domain.

Diffuse type

Number of elements

Straight diffuser shroud

1,723,904

NACA 0012 airfoil shaped duct

1,594,641

NACA 0021 airfoil shaped duct

1,529,692

Straight diffuser with flanges

1,990,946

NACA 0012 airfoil shaped diffuser with

1,719,458

flanges
Brim diffuser
with flanges
2,365,968
Table 4.5. Number of elements for each diffuser.
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A good quality CFD model design needs mesh refinement to achieve a gridindependent solution. Here, prior the study, a mesh independent test was
conducted by increasing the number of elements of the mesh up to the
computers capacity. That increment in the mesh number was carried out for the
bare wind turbine and straight diffuser wind turbine. It was observed that the
turbine’s coefficient of performance did not experience hardly any variation by
refining the mesh. Thus, the solutions throughout the thesis were independent of
the number of the mesh elements.

(a)

(b)
Figure 4.6. (a) Tetrahedral mesh on the blade. (b) Detailed mesh and inflation
layer on the Nordtank blade’s section plane at r/R= 0.75.
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The turbine mesh had 0.05 m thick layer of inflation on the blade (as per Fig
4.6 b) and the number of cells across the gap was set to five. The overall mesh on
the Nordtank blade is visualized in Fig. 4.6 a.
The maximum face angle measured by the skewness was not above 0.85 and
the aspect ratio was kept below 14. Independent mesh analysis was carried out
by varying the maximum size limit of the edge until convergence results were
obtained. The final mesh consisted of 2,466,791 elements for the Nordtank 500/41
turbine and 2,518,377 for the small wind turbine. With this inflation layer the
typical y+ values were 10. As observed before in §4.2.2, the SST model requires
near wall functions. The near wall flow must be laminar to correctly capture the
flow features. In other words y+ ≤ 11.63 (Versteeg & Malalasekera 2007, p275).
4.5 Physics Modelling and Boundary Conditions
The type of analysis was set to a steady state simulation with air as the
working fluid and the reference pressure fixed at 1 atmosphere. A rotating frame
of reference where the whole domain was spinning at a constant angular
velocity was used. The turbulence option used was the k- Shear Stress
Transport (SST) eddy viscosity model known for its accurate prediction of flow
separation (ANSYS CFX 12.1 2008)
Fig. 4.7 illustrates the boundary conditions used in the model. The
specifications for the boundary conditions are as follows:
 The inlet velocity was on the upstream inlet boundary where Cartesian
velocity components were assigned. The velocity of the fluid was defined to spin
with the same rotational velocity but in an opposite direction to the domain
rotation, along with a perpendicular velocity component to the inlet boundary.
For the Nordtank 500/41 turbine, the rotational velocity was kept constant as per
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the specifications and the oncoming wind speed was varied from 4 m/s up to 18
m/s to achieve the same conditions as the experimental by Paulsen (1995). In the
case of the micro wind turbine, the inlet velocity was kept constant with a
perpendicular component to the upstream lid of 6 m/s. The turbulence intensity
at the inlet was settled at 5%. The following was applied:
 The upstream boundary was set as opening with the same angular velocity
but in an opposite direction to the domain rotation.
 The downstream boundary was set as entraining opening with zero
relative pressure. It was considered to be open to atmospheric pressure and it
rotates in the same direction as the domain.
 Periodic boundary was used for the 120˚ faces.
 Interfaces between the large and small cylindrical domain faces that are in
contact. General connection without changing the frame, and no pitch was
used.
 All the walls for the rotor and blade were set as smooth non-slip.
When the diffuser was introduced into the large domain, it was set as a nonslip counter rotating smooth wall.
The convergence criterion was set to 10-5 with a maximum number of
iterations of 1000. The advection scheme used was a second-order differencing
scheme. This scheme produced more accurate results than the first order
differencing scheme. Further, the torque at the blade was monitored to ensure
that it reached a stable value. Due to the high memory requirements the
simulations were run in a cluster computer.
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(a)

(b)
Figure 4.7. Boundary conditions used on the model for (a) whole domain. (b)
small domain with the small wind turbine.
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4.6 Power Calculation
The power generated by each wind turbine was calculated using the built-in
CFX function calculator. The CFX function calculator calculates the torque on the
blade. The function implemented in CFX-post returns the torque on a 2D surface
about an axis. It integrates the pressure and viscous forces over the elected
surface, in this case the blade.
Subsequently, the power of the rotor (P) is found by multiplying the torque
(Q) by the number of blades (N) and the rotational speed, then:

Finally, the overall performance is assessed through the power coefficient:

where Pw is the power available from the wind,

,

is the

swept area of the turbine rotor in the bare wind turbine, or the swept area of the
diffuser exit for DAWT, and

is the oncoming wind speed.

4.7 Validation of the simulations against experimental data
To validate the CFD methodology the performance of the Nordtank 500/41
turbine was tested. The geometry employed was identical to the Nordtank
500/41, which has 41 m rotor and 500 kW rated power. The detailed geometry of
the blades and specifications of the turbine used to model it are given in Table
4.1.
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After generating the geometry and meshing the model, the physics were
designated as per §4.5. Eight simulations were carried out, where all parameters
were kept constant except the inlet velocity. The component of the speed
perpendicular to the inlet boundary representing the incoming wind velocity
was changed from 4 to 18 m/s at 2 m/s intervals.
Finally, the power of the turbine at a certain wind speed was calculated as
indicated in §4.6. The power obtained against the different wind speeds is
shown in Fig. 4.8.

Figure 4.8. Comparison between the computed power for the Nordtank 500-41
turbine by Bak et al. (1999) at RISØ laboratory, the measured
mechanical power by Paulsen (1995) and the CFD simulations
carried out in this work.
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The CFD results obtained in this work were compared with the mechanical
turbine power measured by Paulsen (1995), and the computed results by Bak et
al. (1999). Fig. 4.8 shows that the CFD results matched the experimental data
despite the slight over prediction in the stall region in accordance with Bak et al.
(1999) CFD simulations.
The pressure distributed on the Nordtank blade was calculated (Fig. 4.9) to
confirm Kim et al. (2002) computational results (Fig. 4.10).
The findings agreed with Kim et al. (2002) in the sense that the outboard
section of the blade had the highest variation in pressure along its length,
therefore the torque was generated primarily by this part of the blade.
Apart from the conventional wind turbine validation, to ensure the accuracy
of the ducted wind turbine results, it was decided to compare the Cp from Ohya
et al. (2008) flanged diffuser wind turbine experiments against the flanged
diffuser turbine Cp modelled in this work (Fig. 4.11).

(a) Pressure side

(b)Suction side
Figure 4.9. Modelled Nordtank with the blade pressure distribution.
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Suction side

Figure 4.10. Pressure distribution by Kim et al. (2002)

Figure 4.11. Power coefficient for straight diffuser with flanges modelled in this
work (CFD) compared with straight diffuser with flanges by Ohya
(2008).
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It should be noted that both models were not identical and only the size of the
diffuser and profile of the blade were common, given that the specifications of
the blade were unknown. Further, in this work the collector was not modelled.
The simulations were conducted following the set up from §4.5. In this
validation, and purely for the purpose of mutual comparison, the Cp was
calculated with the same parameters used by Ohya et al. (2008). Specifically, the
area used to calculate the available wind power was the swept are of the turbine
instead of the swept area of the diffuser exit.
Although the experimental results do not match the CFD output exactly, the
Cp trend and values were almost identical, as per Fig. 4.11. It is appreciated that
the curve matched the experimental results quite well but it is fairly shifted. The
slightly discrepancies along with the shift were attributed to the above
mentioned differences, i.e. variations on the blade and the non-existence of the
collector for the diffuser turbine used in this work.

4.8 Conclusions
The CFD technique has been widely accepted as an analytical tool for wind
turbines. It has the advantage over the conventional BEM method in that it can
reveal not only the performance of different wind turbine configurations but also
the flow field around the rotor blades and diffuser. The adopted methodology
was validated against experimental and numerical data from a large wind
turbine Nordtank 500/41 (Paulsen 1995, Bak et al. 1999) and experimental data
from Ohya et al. (2008). The CFD results agreed with the measurements and
numerical data. In summary, a similar approach can be used in other turbomachinery studies.
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Chapter 5: Effect of Diffuser Geometry on the
Performance of a Turbine

5.1. Introduction
Placing a diffuser around a horizontal axis wind turbine has been shown to
increase the power output compared to a bare turbine. There are a number of
mechanisms whereby the power output of a turbine can be increased. One of the
primary mechanisms is a combination of increased mass flow rate and pressure
drop across the turbine. The mass flow rate of air through a turbine is increased
by virtue of sub-atmospheric base pressure at the diffuser exit plane (Foreman,
Gilbert & Oman 1978, Igra 1981, Abe & Ohya 2004, Abe et al. 2005). Lowering the
base pressure results in a greater mass flow rate being drawn into the diffuser
through a suctioning effect. This effect depends on the geometry of the diffuser
(Ohya et al. 2008). Therefore, the ability of the diffuser to decrease the base
pressure is crucial to drawing more air through a turbine.
Having a diffuser around a turbine not only improves its performance, it also
improves its operational reliability via:


Reduced aerodynamic noise (Abe et al. 2005). The vortices generated at the

tip are significantly reduced are ascribed to the inferences of the boundary layer
within the diffuser


Improved safety (Brow, Grant & Kelly 2003, Ohya & Karasudani 2010).

Because of the diffuser, turbines are less conspicuous and protected against
possible broken blades.

Chapter 5



Effect of Diffuser Geometry

86

Higher economic benefits (Frankovic & Vrsalovic 2001). An economic

analysis demonstrates that the benefits of diffuser augmented wind turbines
(DAWT) are up to five times higher than conventional wind turbines.
This chapter aims to investigate the effects of diffuser geometry. Despite the
many previous works that demonstrated the augmentation effect of a diffuser,
the flow and pressure field developed inside the diffuser and around the turbine
blades has not been studied in detail.
In the following section, the diffuser geometries used in this work such as,
straight diffuser, airfoil NACA 0012 shaped diffuser, NACA 0021 airfoil shaped
diffuser, diffuser with flanges, and airfoil NACA 0012 shaped diffuser with
flanges are presented.

5.2 Investigation of the Different Diffuser Geometries
The sketch models introduced in §4.3 were built (Fig. 5.1) to investigate the
effect of diffuser geometry on the overall performance of a wind turbine.
A straight diffuser was chosen as a reference because it has been widely
investigated. The flanged and brimmed diffusers from Ohya (2008, 2010) were
chosen because they have great potential for increasing the power output of a
bare wind turbine.
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(c)

(e)
(c)

(d)

Figure 5.1. Wind turbine models with the different diffuser configurations: (a) Straight; (b) NACA 0012 airfoil shaped; (c) NACA 0021
airfoil shaped; (d) Straight diffuser with flanges; (e) NACA 0012 airfoil shaped diffuser with flanges (f) Wind lens turbine.
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Diffusers shaped like airfoils can also increase the velocity field in the rotor
plane. The higher the pressure difference between the upper and lower sides of
an airfoil results in more flow being absorbed into the diffuser. Hence, airfoil
shaped diffusers with higher lift will increase the velocity in the rotor plane.
(Hansen, Sørensen & Flay 2000, Hansen 2007, p47)
In this work only symmetrical NACA profile diffusers were studied because
of the reduced costs associated with the production of symmetrical airfoils
compared to cambered airfoils (Mats Wahl 2007). One feature of an airfoil that
has had a significant effect on lift is the thickness of the camber (Simons 1994,
p20), therefore thin airfoils (NACA 0012) and thick airfoils (NACA 0021) were
selected.
The performance of the different diffuser wind turbines was assessed based
on the predominant wind flow patterns such as the distribution of pressure and
velocity along the diffuser, the development of downstream flow, and the
coefficient of performance.

5.3 Analysis of the Flow Field
In this section the flow field around the different wind turbines are presented.
The flow field analysed includes 2D streamlines, pressure, velocity fields, and
wake rotation. The results presented in 5.3.1 were obtained with a tip speed ratio
(of =3.5 and a constant incoming wind speed of 6 m/s. The  value was
selected to compare bare and diffuser wind turbines because any lower values
would have brought the turbine too close to stalling.
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5.3.1 Velocity Streamlines
2-D streamlines were used here to give an overview of the stream-wise
direction behaviour of flow around the diffusers. Fig 5.2 illustrates the flow field
around the different turbine configurations in terms of wind speed. It should be
noted that the separation and recirculation behind the centre body was due to
simplifying the geometry. In reality the hub was longer, which means that the
flow follows smoother and hence the recirculation zone appreciated just behind
the centre body will not exist. Therefore, the separation produced by the hub
was not considered in the analysis. The blade and hub are highlighted in black,
in Figure 5.2.
The bare wind turbine (Fig. 5.2 a) shows almost no variation in the velocity
field, whereas all the diffuser inlets present a speed up effect (Fig. 5.2 b, c, d, e,
f.). This phenomenon was attributed to the stream flow inside the diffuser being
strongly related to the surrounding flow (Abe & Ohya 2004). This means that the
flow exiting the diffuser returns to similar values as the flow outside the
diffuser. Hence, to cover the deceleration produced inside the diffuser (following
the continuity equation, as the area of the diffuser increases, the velocity of the
flow decreases) the flow must accelerate at the diffuser inlet.
A small separation near the tip of the blade is seen in Figs. 5.2 b and 5.2 d
because of clearance between the diffuser and the turbine. This stems from
interaction between the flow and diffuser geometry. Alternatively, any
separation in the airfoil shape diffusers cannot be seen because the flow follows
the aerodynamic shape smoothly. The effect of the gap clearance on the flow
field is discussed in more depth in Chapter 6.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.2. Velocity streamlines of the flow field for (a) Bare wind turbine; (b)
Straight diffuser; (c) NACA 0012 airfoil shaped diffuser; (d) Flanged
straight diffuser; (e) Flanged airfoil shaped diffuser; (f) Brim diffuser.
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The NACA 0012 airfoil shaped diffuser (Fig. 5.2 c) showed a larger area of
higher wind velocity inside the diffuser than the straight diffuser, i.e. a larger
speed up zone. The NACA 0012 shaped diffuser shows a smooth flow
surrounding the diffuser, the same as a straight diffuser.
The velocity streamlines on the straight and airfoil shaped diffuser with
flanges (Fig. 5.2 d and e) are evidence of a large recirculation zone behind the
flanges, which is in accordance with Abe and Ohya (2004) and Ohya et al. (2008).
This separation is slightly weaker for the airfoil shaped diffuser with flanges.
The streamlines around the compact brim diffuser depicted in Fig. 5.2 f, show
a large area of increased wind speed. A small area of separation was also
observed behind the compact brim, although the size of the vortex is small
compared to the flanged diffuser. Of all the different shaped diffusers, the
flanged and brimmed ones showed the largest speed up zone at the rotor plane.
The aforementioned separation created by the flange geometry (Fig. 5.3 d and
e) produced a low pressure region at the exit of the flanged diffuser. This results
in more air being drawn into the diffuser. To confirm this, the mass flow going
through the turbine’s rotor was quantified as per Table 5.1 and the pressure at
the diffuser exit was noted. This enabled a correlation between the exit pressure
and mass flow air drawn into the diffuser to be determined.
The incremental mass flow rate in reference to the bare wind turbine was
calculated as follows:
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The results presented in Table 5.1 are a numerical confirmation that more air
was drawn into the diffuser, attributed to a low base pressure at the diffuser exit.
However, this increase in the mass flow rate for the airfoil shaped diffusers
depended not only on the base pressure at the diffuser exit, but also on the lift
generated by the aerodynamic shape of the diffuser. As previously explained in
Chapter 3, the reaction forces ascribed to the lift force were greater than the
forces produced by the straight diffuser, which induced a larger expansion
downstream of the rotor and allowed more air flow upstream. (Hansen et al.
2000 and Franković &Varsalović 2001). That is why even thought the base
pressure coefficient is lower more air is drawn for the Airfoil with flanges.
Diffuser type

Δ(mass flow rate)

Cbase pressure

Straight

[%]
30.3

-0.34

NACA 0012

37.5

-0.27

NACA 0021

25.8

-0.38

Straight with flanges

39.5

-2.22

48.8

-1.49

31.5

-1.22

Airfoil NACA 0012 shaped with
flanges
Brimmed compact

Table 5.1. Percentage mass flow rate increment for the diffuser geometries with
respect to the mass flow rate through the bare turbine and base
pressure coefficient at the diffuser exits.

For instance, the pressure at the diffuser exit of the airfoil shaped diffuser
with flanges was higher than the straight diffuser with flanges because of the
contribution of lift. The cross wind forces acting on the flanged airfoil shaped
diffuser were higher than the flanged straight diffuser, therefore the mass flow
rate drawn into the airfoil shaped diffuser depends on both base pressure at the
diffuser exit and lift generated by the airfoil.
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The flanged diffusers experienced the highest incremental mass flow rate
across the turbine. The airfoil shaped diffuser with flanges almost doubles the
mass flow across a bare wind turbine. The NACA 0012 shaped diffuser, with its
compact brim and straight diffusers showed more than a 30% increase in the
flow rate than the bare wind turbine.
The results indicate that the diffuser shapes studied are significantly higher in
terms of the mass flow rate through the turbine compared to the mass flow rate
of a bare wind turbine. Consequently, from this evidence it is expected that there
will be an increase in power for all the different shaped diffusers compared to
the bare wind turbine.
It should be noted that the base pressure for the straight diffuser with flanges
is quite large and further investigation on that particular configuration needs to
be undertaken.

5.3.2 Velocity and Pressure Analysis
In order to examine the increase in velocity and drop in pressure across the
turbine, the wind velocity and distribution of pressure in a stream-wise direction
are depicted in Fig. 5.3 and Fig. 5.4. The values were taken streamwise at 0.15
meters from the turbine’s axis of rotation to avoid the wake generated by rotor
simplification. The y axis shows the normalised wind velocity with the free
stream velocity, while the x axis represents the position along the axis of rotation
normalised by the length of the diffuser, i.e. L=0.75 m. It should be noted that the
length of the brim diffuser was also normalised with respect to 0.75 m despite it
being shorter (0.223 m). Thus, the diffuser outlet for the compact brim diffuser
on the following plots was not coincident with 1 but with ~0.3.

Chapter 5

Effect of Diffuser Geometry

94

Fig. 5.3 a shows that the straight diffuser had a considerably higher speed up
effect compared to the bare wind turbine, but lower than the NACA 0012 and
NACA 0021 airfoil shaped diffusers. The NACA 0012 possessed the maximum
increase in velocity, and it corresponded to the highest drop in pressure (Fig. 5.3
b), followed by the NACA 0021 airfoil shaped and straight diffusers. The NACA
0012 had a higher lift/drag ratio than the NACA 0021 at an angle of attack of 12˚
and Reynolds number of ~3x104, hence the resultant lift would be larger than
that produced by the NACA 0021. Consequently, more air will be drawn into the
NACA 0012 shaped diffuser.
The increase in velocity of the differently configured diffusers did not begin at
the turbine inlet, but approximately 1 metre in front of it. Ohya et al. (2008)
reported similar behaviour for the diffuser.
To-date there appears to be no report of a comparison between straight and
airfoil diffusers. Nevertheless, the results obtained in this work for the airfoil
shaped diffuser agree with Hansen, Sørensen, and Flay (2000), and Bernard
Franković et al. (2001), that airfoil shaped diffuser devices significantly exceed
the bare wind turbine Cp.
As indicated by Fig. 5.3 b, the pressure drop was significantly greater for the
airfoil shaped diffusers, and so is the mass flow going through the turbine (Table
5.1). Hence, the power output of the airfoil diffusers will be notably higher than
both bare and straight diffuser turbines.
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Figure 5.3. Comparison of stream-wise direction velocity and pressure distribution.
(a) Normalised wind velocity (b) Pressure coefficient
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(a)

(b)
Figure 5.4. Comparison of stream-wise direction velocity and Pressure distribution.
(a) Non-dimensional wind velocity (b) Pressure coefficient.
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As seen in Figs. 5.2 d, e and f, the large area of separation produced at the exit
of the flanged and compact brim diffusers means that the pressure coefficient
must return to a lower value than bare wind turbine at the exits of the flanged
and compact brim diffusers. Hence, the wind at the inlet of the flanged and brim
diffusers must accelerate more than in the other diffusers to allow for higher
deceleration in the diffuser. This greater speed up is seen in Fig. 5.4 a.
The

straight

and airfoil flanged

diffusers

showed a

higher

drop

(discontinuity) in the pressure coefficient (Fig. 5.4 b) than the diffuser without
flanges. Of all the different shaped diffusers, those with flanges showed a
maximum increase in velocity, drop in pressure, mass flow through the turbine’s
rotor, and lower base pressure at the diffuser exit. The addition of flanges in the
diffuser (straight and airfoil shaped respectively) was evidence of an increase in
velocity and mass flow rate of ~20% compared to the diffuser without flanges.
The compact brim diffuser showed the greatest increase in velocity and pressure
drop amongst the diffusers without flanges.

5.4. Downstream Flow and Wake Development
The air flow downstream of a wind turbine rotor experiences a loss in
momentum leading to an area with decreased mean velocity known as the wake.
The wake is the resultant of an interaction between the free stream flow and
vortex sheets created at the blades. The vortex sheets are produced by the
difference in pressure between the suction and pressure side of the blade when it
generates lift (Simons 1994, p53). The vortex sheets finish at the root and tip of
the blades of the wind turbine rotor, where the bound circulation and lift are
forced to zero (Whale et al. 2000). Specifically, the change in circulation at the tip
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of the blade is extremely large and produces a strong trailing vortex (Whale et al.
2000).
In order to examine the flow response down stream from the turbine rotor, 3D
velocity streamlines behind the devices are presented in Fig. 5.5 and Fig. 5.6. The
number of streamlines were minimised (i.e. 10) to help follow their trajectory.

(a)

(b)
Figure 5.5. Comparison between the wakes distribution generated by bare wind
turbine. (a) Sketch (Ivanell 2009) (b) computed wake in this work.
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(a)

(b)

(c)
Figure 5.6. Stream lines behind the wind turbine blades. (a)Bare wind turbine. (b)
Straight diffuser. (c) Straight diffuser with flanges.
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The bound tip generating vortex and central vortex obtained for the bare
wind turbine in this work (Fig. 5.5 b) were similar to the theoretical movement of
the wake developed downstream (Fig. 5.5 a). The tip vortices were quite
separate, compared to the theoretical sketch because the  was low, i.e. 3.
According to Kim et al.(2002), a low  implies a wider separation between
wakes.
The following evidence can be extracted from Fig. 5.6: (i) the bare wind
turbine showed a stronger trailing tip vortex spiral compared to the straight and
flanged diffuser. This is similar to Abe et al. (2005) experimental and
computational studies, where the flanged diffuser was reported to destroy the
tip vortex at a much faster rate than the bare wind turbine. (ii) The streamlines
from the bare wind turbine (Fig. 5.6 a) are crossing downstream whilst no
intersection was detected for both the straight and flanged diffusers, i.e. the
streamlines followed an approximately rectilinear trajectory (Figs. 5.6 b and c).
(iii) The streamlines immediately after the blades seemed to act the same in each
of the different diffuser, but in order to verify that, the velocity vectors in a
plane contiguous to the blades (x/c=1.01) were then compared.
To compare bare and DAWT velocity vectors under similar conditions, Abe et
al. (2005) suggested using the local tip speed,

. Abe’s results showed that the

performance of the bare wind turbine and one with a flanged diffuser
normalised by the local mean velocity just behind the turbine blades, obtained
similar range and peak values except for slight disagreements at high

values.

Therefore, to evaluate the behaviour of the turbine with the analogous mean
velocity just after the blades, the following

was used here:

Chapter 5

where

Effect of Diffuser Geometry

101

indicates the average velocity of the mean area immediately behind

the turbine blades, given by x/c=1.01, computed with ANSYS calculator.
The total velocity vectors just after the blades (x/c=1.01) with its corresponding
radial velocity component at

3.5 values are displayed in Fig. 5.7. The main

rationale here was to compare the flow structure at this location for bare,
straight, and diffuser with flange turbines. The radial velocity component was
caused by the wake induction (Micallef et al. 2011), so its length indicates the
strength of the wake. Consequently, the total velocity and the corresponding
radial velocity are shown in Fig. 5.7.
Furthermore, to illustrate the stalled flow characteristics for bare, straight
diffuser, and flanged diffuser turbines, both the total velocity vectors and radial
velocity component are shown in Fig. 5.8.
The local tip speed chosen for the velocity vectors with a high tip speed ratio
(non-stall conditions) was
turbine,

for the straight diffuser device

with flanges
is,

3.5, which means that

. The low

for the bare wind
and straight diffuser

selected for stall conditions was

for a bare wind turbine and

2, that

for a straight diffuser and a diffuser

with flanges turbines.
The flow structure for

behind the blades adjoining to the hub were

similar in length and inclination for the bare, straight diffuser, and flanged
diffuser wind turbine, as shown in Fig. 5.7 a, b, c. Nevertheless, from (Fig. 5.7 a)
the angle of inclination of the velocity vectors at the tip of the blade for bare
wind turbine was larger than for the straight diffuser turbine. This implies that
the radial component of the velocity was larger than the radial component of the
straight diffuser (Fig. 5.7 b). That can be corroborated by the illustration of the
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radial velocity component (Figs. 5.7 a, and b, right) where the vectors at the
blade tip for a bare wind turbine are larger than for a straight diffuser turbine.
Therefore, a straight diffuser helps reduce the radial velocity immediately
behind the tip of the blade. Therefore, it reduces the wake close to the tip.
The flanged diffuser had the largest radial velocity component, although it
pointed inwards, which indicates the possibility of an area of recirculation
between the tip of the blade and the flanged diffuser.
The velocity vectors and radial component of the velocity are depicted in Fig.
5.8 a, b, c (for

. It is shown that for λ 2 , there was a larger portion of

chaotic flow covering the blade (an approximate area of 60%). This chaotic flow
might be due to the large zone of separation that occurred on the blade at low λ.
It appears to be greater for the bare and flanged diffuser configurations.
Furthermore, the velocity vectors at the tip present an analogous trend at Fig.
5.7, i.e. the radial velocity component for bare and flanged diffuser wind turbine
is larger than for the straight diffuser turbine. The results indicate that when the
turbine has stalled the radial velocity is larger at the hub and tip than for high
values. Thus, in stalled conditions (

), the radial velocity component was

large. Moreover, the bare wind turbine (Fig. 5.8 a) and the flanged diffuser (Fig.
5.8 c) possess the largest radial velocity component at the blade tip, suggesting
that the wake of the tip for that turbine is stronger than for a straight diffuser
turbine.
Abe et al. (2005) concluded that the flow structure immediately behind the
blades was almost identical for bare and DAWT. Here, this statement is partially
true because the velocity vectors act the same close to the hub, although the
velocity vectors adjacent to the tip of the blade are rather different for bare and
diffuser turbines.
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(a)

(b)

(c)
Figure 5.7. The velocity vectors on the left side and corresponding radial velocity
compoenents on the right side are immediately behind the wind
turbine blades (x/c=1.01) (a) Bare at
; (c) Flanged Straight diffuser at

; (b) Straight diffuser at

Chapter 5

Effect of Diffuser Geometry

104

(a)

(b)

(c)
Figure 5.8. Velocity vectors on the left side and corresponding radial velocity
components on the right side, behind the wind turbine blades (x/c=1.01)
at

. (a) Bare; (b) Straight diffuser; (c) Flanged Straight diffuser
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5.4.1 Downstream Flow Development
To evaluate the flow downstream, the decay of the wake was studied, i.e. how
the wake evolves downstream. For this reason the velocity ratio of three
different positions behind the bare wind turbine as well as the straight, straight
with flanges, and airfoil with flanges, diffusers, were examined. The velocity
ratio aids to visualise the velocity deficit and its dissipations downwind of the
wind turbine (Manwell, McGowan & Rogers 2003, p387).
Fig. 5.9 shows the variation in the velocity ratio (

) along the

span-wise direction. That is the radial distance normalised by radius, R, (where
R is the distance from just above the centre body up to 2.5 turbine radiuses) for 3
different stream-wise direction distances (0.5 D, 1 D and 1.5 D). D is the diameter
of the diffuser exit (it is noted that for bare wind turbine D is the diameter of the
turbine rotor).
The captions inside Fig. 5.9 are a visual support symbolising the bare and
DAWT’s sketches with its corresponding distances downstream (0.5D, 1D, 1.5D)
where the measurements are taken. It is noted that the measurements commence
above the centre of the body and hence, not at zero.
In Fig. 5.9 a, and b, the (0.5 D) bare and straight diffuser have similar velocity
ratios, although the straight diffuser has a faster dissipation on the velocity
deficit (Fig. 5.9 b). The discontinuity presented at 1 radius span wise of the
straight diffuser is due to the presence of the diffuser.

Chapter 5

Effect of Diffuser Geometry

0.5D

1D

(a)

0.5D

1D

(c)

1.5D

106

0.5D

1D

1.5D

(b)

1.5D

0.5D

1D

1.5D

(d)

Figure 5.9. Vertical velocity profiles downwind of the turbine. (a)Bare wind turbine.
(b) Straight diffuser. (c) Straight diffuser with flanges. (d)Airfoil diffuser
with flanges. The line joining the points is a visual aid.

The straight flanged diffuser (Fig. 5.9 c) showed a more rapid decay of the wake
compared to the bare and straight diffuser wind turbines. The sudden decrease in
the velocity ratio observed at ~1 radius radial distance (spanwise) and 0.5 D

Chapter 5

Effect of Diffuser Geometry

107

downstream of the turbine rotor, was attributed to the large separation created by
the flanges, because 0.5 D downstream coincides with the flanged diffuser exit.
Similarly, the airfoil shaped diffuser (Fig. 5.9 d) showed a pronounced decrease in
the velocity ratio at 0.5 D downstream and ~1 radius span wise caused by the
flanges. However, the airfoil- shaped diffuser showed a slower decay on the wake
than the straight flanged diffuser, but it decayed faster than the bare wind turbine.
To the best of the author’s knowledge, no profiles of vertical velocity for any
diffuser wind turbine have been reported to date. However, the results for the bare
wind turbine agreed with Manwell, McGowan and Rogers (2002) trend.

5.5. Effect on Coefficient of Performance and Effective Range
The Cp for the operational range of each device was now calculated and
analysed.
As previously stated, the flanged diffusers showed the greatest drop in
pressure and increase in velocity compared to the other diffusers. Hence, the
diffuser with flanges gave the highest power output than all the other different
shaped diffusers. However, the aerodynamic performance of the wind turbine
rotor was typically characterised by the power coefficient (Manwell, McGowan
& Rogers 2003). Thus, the power coefficient for the different diffuser against the
range is used for comparing the devices (Fig. 5.10).
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Figure 5.10. Power coefficient against  for the different diffuser models. Due to
the quantity of data that is proximal to each other, the trend line for
each diffuser’s coefficient of performance is plotted as a visual aid.
only.
In order to make a more realistic assessment, it should be noted that the area
utilised to calculate the power coefficient of each diffuser was the sweep area at
the diffuser outlet. For instance, the area used for the diffuser with flanges to
calculate the available power of the wind is the swept area of the flange rather
than the swept area of the turbine rotor. Therefore, even though the power
output for the flanged diffuser was at its maximum, the radius used was
approximately twice that of the other diffuser models and therefore, the
coefficient of performance was considerably reduced.
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The highest performance was obtained with the brim diffuser turbine. This
coincided with the maximum drop in pressure and increased velocity compared
to the diffusers without flanges.
Interestingly, the bare wind turbine maximum Cp is about 0.22 at TSR 2.5. This
reduced Cp compared to the near 0.5 Cp that current modern wind turbines can
reach (Hansen 2008) is due to the small dimensions of the turbine employed.
Besides, the bare wind turbine had the narrowest  operational range whilst the
brim and straight diffuser with flanges show the widest range. The NACA
0012 airfoil shaped diffuser presented the second highest Cp, followed by the
NACA 0021 and straight diffuser. That is because the Lift/Drag ratio at a
Reynolds number of ~ 1.6x104 was higher for the NACA 0012 and therefore the
cross wind forces exerted onto the diffuser were higher than the NACA 0021
airfoil shaped diffuser. Consequently, the mass flow of air drawn into the NACA
0012 was higher. All the diffuser shapes showed not only a greater Cp than a
conventional bare wind turbine but also a broader operational range.
The results for the compact brim diffuser agreed with Ohya and Karasudani
(2010) because the improvement in output of the device compared to the bare
wind turbine was approximately 2 to 3 times.

5.6. Conclusion
The advantages of DAWT against a conventional bare wind turbine were
discussed. The study of different types of diffusers, (namely a straight diffuser,
an airfoil NACA 0012 and NACA 0022 shaped diffuser, a compact brim diffuser,
a straight diffuser with flanges, and an airfoil NACA 0012 shaped diffuser with
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flanges) revealed that enclosing the wind turbine results in performance
enhancement. The following conclusions can be summarized from this Chapter:
(i)

A significant speed up effect at the inlet of each diffuser configuration
is noticed. A maximum acceleration of Ux/U∞

occurred with the

airfoil shaped diffuser with flanges.

(ii)

All the diffusers had a remarkably higher drop in pressure across the
turbine rotor compared to the bare wind turbine.

(iii)

The lower the base pressure at the diffuser exit, the higher the mass
flow drawn into the turbine. However, the mass flow drawn into the
airfoil shaped diffusers also depends on the aerodynamic shape of the
diffuser and hence the lift it generates.

(iv)

The mass flow rate through the diffusers was at least 25% higher than
the bare wind turbine.

(v)

The larger radial velocity component of the blade tip for the bare wind
turbine indicated that the tip vortex was stronger than that of a straight
diffuser.

(vi)

DAWT and the bare wind turbine showed that in stall conditions, i.e.
with a low , the radial velocity at the tip of the blade was larger than
at higher values. Hence, the vortices at the tip in stall conditions were
stronger.

(vii)

The velocity deficit in the wake and its dissipation downstream
occurred faster in turbines with diffusers than with the bare wind
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turbine. The downstream wake decayed rapidly particularly on the
straight diffuser with flanges.

(viii) All the above mentioned properties depend on the geometry of the
diffuser, so to improve performance, using the appropriate diffuser
geometry is crucial.

(ix)

Of all the diffuser shapes investigated, the compact brim diffuser had
the highest and most consistent Cp along the operational range. At its
peak performance the brim diffuser exceeded the bare wind turbine by
a factor of 2.3.
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Chapter 6: Effect of Rotor Features on the Turbine
Performance

6.1. Introduction
Three of the most important rotor features affecting the performance of
diffuser augmented wind turbines (DAWT) are the number of blades, tip
clearance (gap between the tip and the inner surface of the diffuser) and the profiles of
the blade. Whereas various rotor features have been widely investigated in bare
wind turbines, fewer details are available on DAWT. Therefore, this chapter
aims to assess the effect of the aforementioned features on the performance of
DAWT.

6.2. Effect of the Number of Blades
The performance of a turbine is greatly affected by the number of blades
(Burton et al. 2005). The number of blades can be expressed in terms of solidity
(), which is defined as the total blade area (

) divided by the swept area:

where N is the number of blades and R is the radius of the rotor. The solidity can
be modified by changing the chord of the blade (c) or the number of blades. The
effect of modifying the number of blades on a 17 m diameter bare wind turbine
has been studied numerically by Burton et al. (2005). The results are presented in
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terms of the power coefficients (Cp) and torque coefficients (CQ) shown in Fig.
6.1.

(a)

(b)
Figure. 6.1. Effect of the number of blades on the performance (a) power
coefficient against the ratio of the tip speed ratio (b) torque
coefficient against the ratio of the tip speed, reproduced from Burton
et. al. (2005).
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Fig 6.1 a shows that an increase in the number of blades, i.e. high solidity,
results in a narrow Cp- curves with a sharp crest at a low The low number of
blades, i.e. low solidity, leads to a wide and flat performance curve. That means
that even though the Cp does not experience important variations over the
range, the peak values are limited. Additionally, the high number of blades
produces a high starting torque, as seen in Fig. 6.1 b.
Duquette and Visser (2003) studied the effect of modifying on the
aerodynamics of small wind turbines through the Blade Element Momentum
(BEM) theory and lifting line theory based on the Expanding Wake Model
(EWM). At low high values leads to greater CQ than low  (Fig. 6.2). The
recorded negative CQ values indicated that no torque was generated for  ≥ ~5.
As such, the working range for a turbine with a higher  (12-bladed) is around
half the range of a lower turbine (3-bladed). This tendency, where wider
operational ranges are associated with lower number of blades, agrees with the
results reported by Burton et al. (2005).

Figure. 6.2. Torque coefficient against  for two different solidities reproduced
from Duquette & Visser, 2003.
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On the other hand, very limited investigations have been conducted on the
performance of DAWT where the number of blades (NB on Fig. 6.3 and Fig. 6.4)
has been changed. Wang and Chen (2008) used CFD to correlate the number of
blades with the coefficient of performance and torque coefficient.

(a)

(b)
Figure 6.3. The power coefficient against the ratio of tip speed for different
numbers of blades with two different types of blade (a) with a
smaller pitch angle (higher flow angle) (b) with a higher pitch angle
(minor flow angle). Reproduced from Wang & Chen 2008.
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(a)

(b)
Figure 6.4. Torque coefficient against the ratio of tip speed for a different
number of blades with two different types of blade, i.e. (a) with a
smaller pitch angle (higher flow angle) (b) with a higher pitch angle
(minor flow angle). Reproduced from Wang & Chen 2008.

The investigation concluded that an increase in the number of blades results
in an increasing blockage effect which in turn lowers the mass flow rate and the
power coefficient. Note that the Cp exceeds the Betz limit in Fig. 6.3 because the
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area used to calculate the available wind power was the swept area of the rotor
rather than the swept area of the diffuser exit.
As seen in Fig. 6.4, a higher number of blades increases the starting torque
and reduces the cut in speed. Hence, Cp and CQ are higher for a larger number of
blades at low values (Fig. 6.3 and 6.4). Conversely, Cp and CQ are larger for low
bladed turbines at high values
In summary, changing the number of blades has an analogous effect on the
performance (Cp-andCQ-curves) for both bare and ducted wind turbines

6.2.1 Turbine Models
In the current work, the effect of the number of blades on the performance of
DAWT was investigated in three different turbine models with two, three, and
four blades. 2-bladed and 4-bladed turbines are illustrated in Fig. 6.5. It was
decided not to model a higher number of blades for a similar sized turbine,
because the hub would need to be larger or the domain would have to be
modelled as a full domain (360 degrees), which would have cost additional
computational resources. Since the focus here is the rotor features, straight
diffuser geometry was used in all cases. For further details of the methodology
and geometry used, please refer to Chapter 4.
What follows now is a discussion on the effect of the number of blades on the
CQ and Cp.
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(b)

Figure 6.5. Turbine rotor used with the straight diffuser (a) two blades, and (b)
four blades.

6.2.2. Coefficient of Performance
Typically, the effect that the number of blades has on performance is
presented in terms of power and torque coefficients. The Cp against  values for
the different number of blades is shown in Fig. 6.6. It is shown here that the
maximum power coefficient for low  range corresponds to the highest number
of blades (i.e. 4). On the other hand, the 2 and 3-bladed devices have a maximum
power output for a high because the increase in rotation speed leads to a
greater blockage effect. Consequently, four bladed turbines decrease the speed
up effect at high and hence the Cp. This in turn slightly reduces the operation
range.
The torque coefficient, CQ, against  is presented in Fig. 6.7. A lower number
of blades indicates a low starting torque, whereas the higher number of blades
indicates the highest starting torque. Alternatively, the 2-bladed device had the
highest torque coefficient for the maximum tip speed ratio operation of this
turbine (= 6.5).
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Figure 6.6. The effect of the number of blades on the power coefficient against tip
speed ratio

Figure 6.7. Effect of the number of blades on the torque coefficient against tip
speed ratio.
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These results corroborated trend previously mentioned by Wang and Chen
(2008) and Burton et al. (2005, p176) .
CFD allows for a further scrutiny of flow behaviour, such as the wind velocity
and distribution of static pressure, augmentative velocity ratio, and wake
evolution, which are examined in the following sections.

6.2.3 Velocity and Pressure Analysis
The speed up effect at the inlet and the drop in pressure across the turbine
affect its performance, according to 1D theory, which makes it possible to
approximately estimate the power output with the velocity and pressure
distribution. Hence, the velocity and distribution of pressure were studied to
relate their trends with Cp and CQ.
The velocity and distribution of pressure stream-wise direction at 0.15 m from
the axis of rotation (0.15 m span wise) at 3.5 are presented in Figure 6.8. The 3
and 4-bladed turbines had an almost similar speed up effect although slightly
higher values were observed with the 3-bladed turbine (Fig. 6.8 a). A comparable
drop in pressure was also seen in the 3 and 4-bladed turbines (Fig. 6.8 b),
although the 2-bladed turbine had a limited speed up effect and drop in
pressure. This behavior can be correlated with the power and torque coefficients
at 3.5, where the 2-bladed turbine exhibited a lower Cp and CQ compared to
the 3 and 4-bladed turbines (as shown in Figs. 6.6 and 6.7.)
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(a)

(b)
Figure 6.8. (a) Wind velocity and (b) static pressure distribution for different
number of blades.
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6.2.4 Augmentative Velocity Ratio
The effect of the blade blockage can be assessed by the augmentative velocity
ratio (

) at each as per Fig. 6.9. (Wang & Chen 2008).

Figure 6.9. Augmentative velocity ratio for the different number of blades. The
line was added as a visual aid to show the trend.

The rotor’s velocity was higher than the free stream for all types of blade
configurations. However at ≥ 4.5, the rate of change of  is decreased for every
number of blades as a consequence of the blockage effect. The blockage effect
was more pronounced for the 4-bladed turbine, thus the reduction in  started
earlier than the 2 and 3-bladed devices. This trend can be related with Cp-
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andCQ-curves because the four bladed turbine decreased Cp and CQ sooner
(at lower valuesthan the 2 and 3-bladed turbine.

6.2.5. Downstream Flow and Wake Development
The energy extracted in the wake decreased by the rotational kinetic energy
(Manwell, McGowan & Rogers, 2003). An increase in these rotational effects in
the wake is detrimental for the turbine performance (Duquette and Visser 2003).
Therefore, an evaluation of the wake helped to explain the performance of the
turbine. Although the results should be shown at each for a complete
performance trendit was enough to present just a sample of  to correlate the
effect of the wake with the performance. The results are shown at =3.5. 3D
velocity streamlines behind the 2 and 4-bladed wind turbines are illustrated in
Fig 6.10. Here, the number of lines was set to 100 to help visualise the overall
trend of the flow.
There is a clear difference in the downstream flow between the 2 and 4-bladed
turbines. As per Fig. 6.10 a, the 2-bladed turbine presents two, separated, strong
(the streamlines are close to each other) streams of flow with a minor vorticity effect,
but in Fig. 6.10 b, the 4-bladed turbine shows the vorticity concentrated into
trailing vortices with relatively less strength (the streamlines are relatively more
separated to each other) than the 2-bladed turbine. This was attributed to the fact
that a variation in the number of blades can change the tip vortex system
(Duquette and Visser 2003). That is, an increase in the number of blades can lead
to an augmentation of the tip vortex with lower strength.
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The streamlines immediately behind the blades seems to show similar
behaviour, nevertheless, to verify that, the velocity vectors in a plane just behind
the turbine rotor (x/c=1.01) are illustrated in Fig. 6.11

(a)

(b)
Figure 6.10.Streamlines behind the wind turbine blades: (a) 2-bladed; (b) 4-bladed.
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(a)

(b)
Figure 6.11. Velocity vectors at x/c=1.01 for 3.5. (a) 2-bladed turbine; (b) 4bladed turbine.
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The velocity vectors contiguous to the blades demonstrated different flow
behaviour for each turbine. The 2-bladed turbine had a small zone of reverse
flow adjoining the trailing edge of the blade (Fig. 6.11 a) which indicated the
presence of a strong vortex (as mentioned before). In contrast, the 4-bladed
turbine did not present reverse flow. Moreover, the radial velocity at the tip of
the 2-bladed turbine was larger because the velocity vectors at the tip presented
a higher inclination (pointing inwards) than the velocity vectors of the 4-bladed
turbine. Thus, the wake of the 2-bladed turbine at 3.5 was stronger. The strong
near wake for the 2-bladed turbine helped to explain its low performance at
3.5.

6.3. Effect of Tip Clearance
The tip clearance is the gap between the tip of the blade and the inner surface
of the diffuser, and it has been shown that it can affect the performance of
enclosed rotating components such as turbo-machinery, and it is also expected to
be the same for DAWT.
A number of studies examined the effect of the tip gap in turbo-machinery
(Desmur 1956, Medici 1956, Peackock 1983, Mathis 2003). For instance Mathis
(2003), analysed the fundamentals of turbine design. In the analysis of losses
associated with the rotor it was reported that flow leaks across the tip gap from
the pressure side of the blade to the suction side. This in turns directs the fluid
upwards while the relative motion between blade and fluid sweeps the fluid
towards the back of the blade. As a result, a swirling motion along the flow is
created at the blade tip: the tip vortex (Mathis 2003). The tip vortex decreases the
pressure difference between the suction and pressure side on the blade tip. Thus,
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the tangential force on the blade is reduced, decreasing the torque delivered to
the shaft and thereby the turbine’s power output
An enlarged tip clearance generally reduces the performance of the turbomachinary (Peacock 2003). However, the existence of an optimum tip gap larger
than an initial minimum gap was agreed by several researchers (Desmur 1956,
Medici 1956, Spencer 1956, Yamazaki 1956 and Peacock 2003). Peacock (2003)
stated that the best tip gap would exist when the secondary and tip leakage
flows were balanced with the movement of the rotor and shroud. The optimum
tip gap is illustrated in Fig. 6.12 (Spencer 1956).

Figure 6.12 Effect of impeller tip clearance at design flow reproduced by
Spencer (1956).

Spencer investigated the effect of the tip gap in a four bladed axial water
pump. The tip clearance was varied from 0.6 to 2.4 % of the blade height (Z). The
results showed that as the tip gap was enlarged there was an initial
improvement in efficiency followed by a steady decrease in performance.
To the best of the author’s knowledge, the variation in the flow field with
different tip clearances has not been investigated in stationary diffuser wind
turbines. This point will be the focus of the next section.
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6.3.1. Coefficient of Performance
To study how the tip clearance (tc) affects the performance of a turbine, four
different sized tip gaps, 6mm (initial tip gap), 12 mm (twice the initial tip gap),
24 mm (four times the initial tip gap) and 48 mm (eight times the initial tip gap)
were investigated. The effect of varying the tip clearance dimensions on the
performance of a turbine was assessed by calculating the power coefficient (Fig.
6.13).

Figure 6.13. Coefficient of performance for different tip gap dimensions.

There was an initial rise in the Cp as soon as the tip gap was increased.
Doubling the gap increased the power slightly and it was maximised when the
gap was quadrupled.

Subsequently, the power coefficient was consistently

reduced by increasing the tip clearance. This was ascribed by the fact that the
wake generated by increasing the gap behaves almost the same as the secondary
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flow in the turbo-machinery. Consequently, the secondary flow created by the
wake between the tip and the diffuser. Although not jet flow discussion in turbo
machinery tip clearance could be found in the literature, it is believed that the jet
flow also has an effect on the improvement in the efficiency of the diffuser. The
wake created by the secondary flow obstructs the gap between the blade tip and
duct, thereby the area is reduced and by the continuity equation the velocity of
the flow increases, aiding to reduce the tip leakage. The results obtained support
Spencer’s (1953) conclusions.
Table 6.1 shows the dimensions of the tip clearance in relation to the % of the
blade length.
Blade Length

Tip Clearance

Blade Length [%]

Initial (6 mm)

2.6 %

Double (12 mm)

5.2%

Quadruple (24 mm)

10.5 %

Eightuple (48 mm)

20.9 %

Table 6.1. Tip clearance equivalence on percentage of the blade length.

In order to give an insight into the influence of the tip clearance on the DAWT
performance in the fluid field, the velocity streamlines and distribution of
pressure, as well as development of the downstream flow, were examined.
6.3.2. Flow Field Analysis
The velocity streamlines for different tip clearances enables the flow
behaviour to be visualised (Fig 6.14).
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(a)

(b)

(c)
Figure 6.14. Velocity streamlines of the flow field at 3.5: (a) Straight diffuser
with tc=2.6% of the blade length (Initial tc). (b) Straight diffuser with
tc=10.5% of the blade length. (c) Straight diffuser with tc= 20.9% of
the blade length.

Chapter 6

Effect of Rotor Features

131

Initially (tc = 2.6% of the blade length) the separation created at the tip due to
the gap was weak (Fig 6.14 a), but as it enlarged, the recirculation area (wake) on
the tip became more visible until it was approximately four times the size of the
original gap (Fig 6.14 b). Moreover, the wake assists the incoming wind velocity
by accelerating more on the tip (jet flow). Thereafter, where tc> 10.5% of the
blade length, velocity at the tip became more uniform and the recirculation area
was reduced (Fig 6.14 c).
The pressure coefficient along the axis of the turbines is illustrated in Fig. 6.15.
There are slight variations on the pressure drop for the different tip clearances. It
is observed that increasing the initial gap increased the drop in pressure across
the rotor until the gap was four times wider than it was (10.5% of the blade
length), after which the drop in pressure declined again.

Figure 6.15. Pressure coefficient distribution along the stream-wise direction for
different tip gaps.
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It was noted that as the drop in pressure decreased (tc > 10.5% of the blade
length) it corresponded to a decrease in the tip clearance wake and the
performance of DAWT.
The flow behaviour for the velocity streamlines and drop in pressure can be
clearly related to the Cp. An increase in the secondary flow ascribed to the
growth of the wake (a former observation in the velocity streamlines in Fig. 6.14
b) at the tip of the blades, balanced the flow leakage. This resulted in a rise in the
Cp and a drop in pressure. Subsequently (tc > 10.5 % of the blade length) the
wake decreased, hence the tip leakage flow increased again, and consequently
the Cp reduced and so did the drop in pressure.

6.3.3. Downstream Flow and Wake Development
The flow development downstream between all the configurations was
almost identical to Fig. 5.6 b in Chapter 5, so it is not presented in this section
(please refer to Fig. 5.6 b in Chapter 5 for further details on how the Figure is).
Nevertheless, due to the different flow responses at the blade tip, the radial
velocity component in a plane adjoining the blades (x/c=1.01) is shown in Fig.
6.16 for 3.5.
As the tip gap was enlarged in Fig. 6.16 a, b, and c, the length of the radial
velocity vectors decreased slightly at the tip. Consequently, the tip vortex was
weakened. Furthermore, for the quadruple tip gap illustrated in Fig. 6.16 c there
are a few vectors at the blade tip pointing inwards. This can be correlated to a
balance between tip flow leakage and secondary flow, which in turns enhances
the performance.
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(a)

(b)

(c)

(d)

Figure 6.16. Radial velocity profiles adjacent to the blades of the turbine for
different tip clearance at 3.5: (a) Initial (tc=2.6 % blade length); (b)
Double (tc=5.2 % blade length); (c) Quadruple (tc=10.5 % blade
length); and (d) Eightuple (tc=20.9 % blade length).
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Subsequent to the quadruple initial tip clearance dimension (tc > 10.5 % blade
length as per Fig. 6.3 d) the radial velocity vectors at the tip are longer,
indicating a strong tip vortex. Consequently, the Cp was decreased.

6.4. Effect of Blade Profile
There are many types of airfoils, as shown by Abbott and Doenhoff (1959).
Nevertheless, according to Spera et al. (1998, p383), the NACA 63-2XX series
have the best overall performance compared to other NACA profiles used for
wind turbines. It was stated that a symmetrical airfoil such as the four-digit
series NACA 00XX were also typically used.
In this work the preceding sections used a NACA 63-210 for the turbine rotor.
The “6” means the series the profile came from, and the “3” represents the
location of minimum pressure in terms of chord length (i.e. the minimum
pressure is located at 30% of the chord length). The following digit symbolises
the design lift coefficient in tenths (i.e. here the design lift coefficient was 0.2).
The last two digits indicate the maximum thickness of the foil as a percentage of
the length of the chord. In this case, the maximum thickness was 10 % of the
chord length. The other blade profiles used to study their effect on the DAWT
performance are the NACA 0012, the NACA 0018, and the NACA 0021 (Fig.
6.13).
Early research (Johnston and Smart 1967) stated that a turbine’s efficiency
depends on the thickness of the trailing edge of the blade, where the ratio of the
thickness of the trailing edge and the pitch of the blade can be correlated with
the loss of efficiency.
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(a)

(b)

(c)

(d)
Figure 6.17. NACA profiles used in DAWT rotor blades for this study (a) NACA
63-210 (b) NACA 0012 (c) NACA 0018 and (d) NACA 0021.

Cheng 1982, indicated that the geometry of the airfoil, particularly the profile
of the blade near its leading and trailing edges, as well as the Reynolds number
and angle of attack of the incident flow stream, affect flow behavior.
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To-date no studies of how the profile of the blade affects DAWT have been
reported.
6.4.1. Coefficient of Performance
The Cp for the different blade profiles against was presented to assess the
influence of the blade shapes on the performance of DAWT (Fig 6.18).

Figure 6.18. Coefficient of performance for different blade shapes.

Fig 6.18 shows that for high valuesthe coefficient of performance was
highly influenced by the profile of the blade whilst for low-medium
values2.5< 3.5) the effect of the profile on the Cp was not as pronounced.
The NACA 63-210 gave the best Cp for a high range, while the NACA 0021
demonstrated maximum performance at low  values ≤ 3).
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The NACA 0018 had the minimum Cp for > 3 because of the thickness of the
trailing edge of the airfoil. Although the NACA 0021 had the thickest trailing
edge, it did not correspond to the lowest Cp because the lift-drag ratio was
higher than the NACA 0018 at a Reynolds number of ~2x105.
The response of the flow attributed to the changes in the blade profile could
be investigated further and then correlated to the Cp via a stream-wise direction
velocity and pressure analysis, and the downstream flow development.

6.4.2. Velocity and Pressure Analysis
The velocity and distribution of pressure stream-wise direction at 0.15 m from
the turbine’s axis of rotation at 3.5 is shown in Figure 6.19.

(a)

(b)

Figure 6.19. (a) Wind velocity (b) Static Pressure distribution for NACA 0012, NACA
0018, NACA 0021 and NACA 63-210.
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There were no significant differences in velocity and distribution of pressure
between each blade profile at 3.5. Nonetheless, the highest speed up occurred
on the thick blades (NACA 0018 & NACA 0021) because the higher lift/drag
ratio at a Reynolds number ~2x105 corresponded to the thick airfoils, so the
speed up was slightly higher than for the thinner airfoils. Alternatively, the
NACA 63-210 had the highest drop in pressure because its trailing edge is the
thinnest of all the profiles studied, and hence it had a weaker trailing edge
vortex (Ruprecht et al. 2003). The highest drop in pressure agreed with the
highest Cp.

6.4.3 Downstream Flow and Wake Development
An evaluation of the downstream flow was conducted by studying the
velocity ratio along the radial direction (span wise) for different downstream
positions (0.5D, 1D, and 1.5D) depicted in Fig. 6.20. It was noted that the
discontinuity presented at 1 radius span wise of the straight diffuser and 0.5 D
downstream, was due to the diffuser (as previously seen in Chapter 5, Fig. 5.9).
Although the velocity deficit and its dissipation downwind were clearly
revealed, the flow downstream for all the different shaped blades studied was
almost the same. Hence, it was decided to investigate the velocity vectors
adjacent to the turbine blades ( x/c=1.01) through the radial velocity component.
It was observed that the radial velocity vectors were similar for the flow
adjacent to the hub. However, the flow acted differently on the tips of the blades,
The thick profiles (NACA 0018 and NACA 0021 in Fig. 6.21 c and d) had a larger
radial velocity at the blade tip than the thin profiles ( NACA 63-210 and NACA
0012 in Fig. 6.21 a and b). Comparing the thin profiles, the NACA 0012 had
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slightly larger radial velocity vectors on the blade tip than the NACA 63-210.
These results were consistent with the findings of Ruprecht et al. 2003, who
stated that the vortex shedding behind the thicker trailing edge was stronger
than the thinner trailing edge.

(a)

(b)

(c)
(d)
Figure 6.20. Vertical velocity profiles downwind of the turbine at 3.5 for different
blade profiles: (a) NACA 63-210, (b) NACA 0012, (c) NACA 0018 and (d)
NACA 0021.
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(a)

(b)

(c)

(d)

Figure 6.21. Radial velocity profiles adjacent to the blades of the turbine 3.5 for
different blade profiles: (a) NACA 63-210, (b) NACA 0012, (c) NACA 0018
and (d) NACA 0021.
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Additionally, the near wake behaviour (immediately after the turbines blades
and up to approximately 1 rotor diameter) can be related to the performance of
the DAWT. The NACA 0018 and NACA 0021 profiles presented the largest
radial velocity vectors at the blade tip, so they have the strongest wake and
thereby the lowest Cp. Nevertheless, as mentioned above, the lift-drag ratio was
higher than the NACA 0018 at a Reynolds number of ~2x105. Therefore the
lowest Cp corresponded to the NACA 0018.

6.5. Conclusions
The effects of the number of blades, tip clearance, and blade shape on turbine
performance have been analysed and correlated with the flow behaviour. It is
important to note that the conclusions presented below are limited to the
specifications of this research blade, i.e. untwisted small blade. It is important to
note that the conclusions presented below are limited to the specifications of this
research blade, i.e. untwisted small blade.
From this study the following can be concluded:
(i)

Higher number of blades (4-bladed) DAWT generates higher starting
torque and maximum Cp at a low operational range. That means it
helps increase the energy capture in areas of low wind velocity. Further,
a low  indicates that the turbine rotates slowly, so it produces less noise
than a faster rotating (high  DAWT. Hence, this device should be
considered for installation in urban environments.
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A 3-bladed turbine is the most versatile of the three configurations
studied because it provides a consistent power output over a wider
range.

(iii)

A 4-bladed turbine has a lower strength tip vortex than a 2-bladed
turbine.

(iv)

The blockage effect at high values is detrimental to the performance of
turbines with a high number of blades.

(v)

Increasing the tip clearance does not imply a reduction in the
performance of DAWT.

(vi)

The existence of an optimal tip clearance has been shown. There is a
clearance dimension where leakage at the tip balances with the
secondary flow from the wake created at the blade tip. For this particular
diffuser and turbine rotor, the dimensions were 10.5 % the length of the
blade. A clear relationship was identified between the streamlines, a
drop in pressure, and the Cp

(vii)

The airfoils with thick profiles (NACA 0018 & NACA 0021) had stronger
tip vortices in the near wake compared to the blades with thinner
profiles due to the thickness of their trailing edges. The downstream
flow for the blade profiles that were studied showed a similar behaviour.

(viii)

The profile of the blade does not have a pronounced effect at lowmedium values2.5< 3.5).
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Chapter 7: Conclusions and Recommendations

This chapter presents the summary and conclusions of the current research
and also proposes future work in this area. It should be noted that the
conclusions and recommendations are based on a particular characteristics of a
wind turbine and other conclusions may be drawn for different blade design.
7.1 Outcomes of the Current Research
The current work focussed on an analysis of the characteristics of wind in an
urban -environment, and on a study of the effect of diffuser geometry and rotor
features on the performance of diffuser augmented wind turbines (DAWT) using
the Computational Fluid Dynamics (CFD) technique.
The first part of this thesis looked at the wind in a built-up environment,
particularly above the roofs of different types of buildings (Chapter 2). The
methodology applied to analyse the characteristics of wind in built -up areas had
been validated against published numerical data before this study (Santiago,
Martilli & Martín 2007). Thereafter, the characteristics of wind (i.e. its velocity
and turbulent intensity) above the roofs of different buildings were investigated.
The second part of the thesis examined the performance of DAWT. The CFD
approach was again validated against the experimental and numerical results
obtained from the literature (Paulsen 1995, Bak et al. 1999, Ohya 2008).
Subsequently, diffusers with different shapes, geometries, and rotor features
were investigated. The changes in the configurations of the diffusers and rotor
features were correlated with the flow and performance of the turbine. The
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findings of this research are presented and discussed in detail in Chapters 5 and 6.
The major conclusions of the investigation are given below.

(i)

A study of the characteristics of wind in an urban environment revealed
that the flow characteristics above different roofs depended mainly on the
profiles of the roofs as well as the incoming direction of the wind. Wind
above flat roofs had a lower turbulence intensity than the others roof
profiles. It was also shown that the intensity of the wind decreased rapidly
above the roof top. In terms of wind speed, the wind speed above pitched
and pyramidal roofs were generally lower than the free stream velocity,
whilst above a flat roof the wind typically accelerated and hence its speed
was greater than the free stream. From the point of view of power output,
turbines located on flat roofed houses are more likely to yield higher and
more consistent power than the other roof profiles, with the same hub
elevation.

(ii)

All the diffuser geometries that were studied showed an increase in the
mass flow rate through the turbine compared to a bare wind turbine. This
augmentation of mass flow can be ascribed to the sub-atmospheric base
pressure at the exit of the diffusers. The base pressure was greatly affected
by the opening angle of the diffuser and exit geometry such as the height of
the flange. Hence, using the appropriate diffuser geometry to improve the
performance of DAWT is absolutely essential.

(iii) The downstream flow of the bare wind turbine ~1 rotor diameter behind
the rotor showed stronger tip and central vortices, while the downstream
vortices from DAWT decayed rapidly. This was particularly noticeable
with flanged diffusers. Hence flanged diffuser turbines can be placed in
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clusters (an array of turbines) because the mutual influence between
DAWTs in a cluster was significantly lower than for bare wind turbine in
cluster.
(Adaramola
(iv) Stall conditions i.e. at low , intensified the strength of the near wake
(immediately after the blades, up to 1 rotor diameter) for both bare wind
turbines and DAWT, compared to a high . Due to an increase in the
vortices and turbulence in the near wake, the loads and fatigue on the
turbine were also increased (Manwell, McGowan and Rogers 2003, p135),
which reduced the performance of the turbine at low 

(v)

Of the different diffuser geometries considered, compact brim diffusers
offered a more consistent Cp over a wider range of  They showed a
marked drop in pressure across the rotor and a speed up effect at the
diffuser inlet.

(vi) The effect of the rotor features on the performance of the DAWT suggested
that turbines with 3-blades were the most versatile of the three types of
blade numbers studied because it provided a consistent power output over
a wider range. This makes it suitable for a site where the winds fluctuate.
However, 4-bladed DAWTs could be installed in urban areas where the
wind velocity is low. A 4-bladed turbine has a low cut-in speed, a higher
starting torque, and the highest Cp at low range, all of which improves the
power capture. Moreover, a low indicates that the turbine rotates slowly,
so it produces less noise than a DAWT that rotates faster in high values.
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(vii) As with the number of blades, the profile of the blade must be based on the
characteristics of the wind in the area where the DAWT will be placed. For
example, if the device needs to operate at mainly low values, a thicker
profile airfoil offers higher Cp. Conversely, at a high operational range,
thinner profile airfoil provides a higher Cp. Of all the blade shapes studied,
the NACA 63-210 offered the most consistent Cp and hence higher power
output for a location with fluctuating winds.

(viii) The tip clearance dimensions should allow the tip leakage flow balancing
the secondary flow due to the wake created at the blade tip. For the
particular diffuser and turbine rotor studied it was four times the initial
6mm tip gap (10.5 % the length of the blade).

7.2 Suggestions for Future Work
Further investigations on the diffuser augmented wind turbines (DAWT)
need to be conducted before they can be implemented in built- up areas. For
instance a study of the flow inside and around DAWT based on different inlet
turbulences should be conducted to optimise the turbine designed to operate in
built up areas (Dutton, Halliday & Blanch 2005, Beller 2009). Similar
methodology used in this work can be used to understand the effect of various
inlet turbulences on the performance of DAWT. And then the different rotor
features can be modified to optimise DAWT for specific types of turbulence, i.e.
low, medium, and high.
It is also recommended that the cost effectiveness of urban wind farms apart
from isolated installations of DAWT with flanges in urban environments should
be explored. That is to investigate the potential of placing an array of DAWT ( in
a cluster) on the roofs of suburban areas. The findings on the DAWT with
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flanges wake decay suggest that the power extraction for a DAWT installed in a
cluster will be higher than a cluster of bare wind turbines due to a rapid decay of
the wake on the DAWT. Therefore, future investigations should focus on
studying the power generated by an array of roof top DAWT and its economic
feasibility.
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